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II.     ACT  OF  INCORPORATION 
No.  3170 

COMMONWEALTH  OF  MASSACHUSETTS 

Be  It  Known,  That  whereas  Alpheus  Hyatt,  William  San  ford  Stevens,  William  T. 
Sedgwick,  Edward  G.  Gardiner,  Susan  Minns,  Charles  Sedgwick  Minot,  Samuel  Wells, 
William  G.  Farlow,  Anna  D.  Phillips,  and  B.  H.  Van  Vleck  have  associated  themselves 
with  the  intention  of  forming  a  Corporation  under  the  name  of  the  Marine  Biological 
Laboratory,  for  the  purpose  of  establishing  and  maintaining  a  laboratory  or  station  for 
scientific  study  and  investigation,  and  a  school  for  instruction  in  biology  and  natural  his- 
tory, and  have  complied  with  the  provisions  of  the  statutes  of  this  Commonwealth  in  such 
case  made  and  provided,  as  appears  from  the  certificate  of  the  President,  Treasurer,  and 
Trustees  of  said  Corporation,  duly  approved  by  the  Commissioner  of  Corporations,  and 
recorded  in  this  office ; 

Now,  therefore,  I,  HENRY  B.  PIERCE,  Secretary  of  the  Commonwealth  of  Massachu- 
setts, do  hereby  certify  that  said  A.  Hyatt,  W.  S.  Stevens,  W.  T.  Sedgwick,  E.  G.  Gardi- 
ner, S.  Minns,  C.  S.  Minot,  S.  Wells,  W.  G.  Farlow,  A.  D.  Phillips,  and  B.  H.  Van  Vleck, 
their  associates  and  successors,  are  legally  organized  and  established  as,  and  are  hereby 
made,  an  existing  Corporation,  under  the  name  of  the  MARINE  BIOLOGICAL  LAB- 
ORATORY, with  the  powers,  rights,  and  privileges,  and  subject  to  the  limitations,  duties, 
and  restrictions,  which  by  law  appertain  thereto. 

Witness  my  official  signature  hereunto  subscribed,  and  the  seal  of  the  Commonwealth 
of  Massachusetts  hereunto  affixed,  this  twentieth  day  of  March,  in  the  year  of  our  Lord 
One  Thousand  Eight  Hundred  and  Eighty-Eight. 

[SEAL]  HENRY  B.  PIERCE, 

Secretary  of  the  Commomvealth. 


III.     BY-LAWS   OF  THE   CORPORATION   OF   THE   MARINE 

BIOLOGICAL  LABORATORY 

I.  The  members  of  the  Corporation  shall  consist  of  persons  elected  by  the  Board  of 
Trustees. 

II.  The  officers  of  the  Corporation  shall  consist  of  a  President,  Vice  President,  Di- 
rector, Treasurer,  and  Clerk. 

III.  The  Annual  Meeting  of  the  members  shall  be  held  on  the  second  Tuesday  in 
August  in  each  year,  at  the  Laboratory  in  Woods  Hole,  Massachusetts,  at  11:00  A.M., 
and  at  such  meeting  the  members  shall  choose  by  ballot  a  Treasurer  and  a  Clerk  to  serve 
one  year,  and  eight  Trustees  to  serve  four  years,  and  shall  transact  such  other  business 
as  may  properly  come  before  the  meeting.     Special  meetings  of  the  members  may  be 
called  by  the  Trustees  to  be  held  at  such  time  and  place  as  may  be  designated. 

IV.  Twenty-five  members  shall  constitute  a  quorum  at  any  meeting. 

V.  Any  member  in  good  standing  may  vote  at  any  meeting,  either  in  person  or  by 
proxy  duly  executed. 

VI.  Inasmuch  as  the  time  and  place  of  the  Annual  Meeting  of  members  are  fixed  by 
these  By-laws,  no  notice  of  the  Annual  Meeting  need  be  given.     Notice  of  any  special 
meeting  of  members,  however,  shall  be  given  by  the  Clerk  by  mailing  notice  of  the  time 
and  place  and  purpose  of  such  meeting,  at  least  fifteen   (15)   days  before  such  meeting, 
to  each  member  at  his  or  her  address  as  shown  on  the  records  of  the  Corporation. 

VII.  The  Annual  Meeting  of  the  Trustees  shall  be  held  on  the  second  Tuesday  in 
August  in  each  year,  at  the  Laboratory  in  Woods  Hole,  Mass.,  at  9:00  A.M.     Special 
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meetings  of  the  Trustees  shall  be  called  by  the  President,  or  by  any  seven  Trustees,  to  be 
held  at  such  time  and  place  as  may  be  designated,  and  the  Secretary  shall  give  notice 
thereof  by  written  or  printed  notice,  mailed  to  each  Trustee  at  his  address  as  shown  on 
the  records  of  the  Corporation,  at  least  one  (1)  week  before  the  meeting.  At  such 
special  meeting  only  matters  stated  in  the  notice  shall  be  considered.  Seven  Trustees  of 
those  eligible  to  vote  shall  constitute  a  quorum  for  the  transaction  of  business  at  any 
meeting. 

VIII.  There  shall  be  three  groups  of  Trustees: 

(A)  Thirty-two  Trustees  chosen  by  the  Corporation,  divided  into  four  classes,  each 
to  serve  four  years.     After  having  served  two  consecutive  terms  of  four  years  each, 
Trustees  are  ineligible  for  re-election  until  a  year  has  elapsed.     In  addition,  there  shall 
be  two  groups  of  Trustees  as  follows: 

(B)  Trustees  ex  officio,  who  shall  be  the  President  and  Vice  President  of  the  Cor- 
poration, the  Director  of  the  Laboratory,  the  Associate  Director,  the  Treasurer,  and  the 
Clerk ; 

(C)  Trustees  Emeriti,  who  shall  be  elected  from  present  or  former  Trustees  by  the 
Corporation.     Any  regular  Trustee  who  has  attained  the  age  of  seventy  years  shall  con- 
tinue to  serve  as  Trustee  until  the  next  Annual  Meeting  of  the  Corporation,  whereupon 
his  office  as  regular  Trustee  shall  become  vacant  and  be  filled  by  election  by  the  Corpora- 
tion and  he  shall  become  eligible  for  election  as  Trustee  Emeritus  for  life.     The  Trustees 
ex  officio  and  Emeritus  shall  have  all  the  rights  of  the  Trustees  except  that  Trustees 
Emeritus  shall  not  have  the  right  to  vote. 

The  Trustees  and  officers  shall  hold  their  respective  offices  until  their  successors  are 
chosen  and  have  qualified  in  their  stead. 

IX.  The  Trustees  shall  have  the  control  and  management  of  the  affairs  of  the  Cor- 
poration ;  they  shall  elect  a  President  of  the  Corporation  who  shall  also  be  Chairman  of 
the  Board  of  Trustees  and  who  shall  be  elected  for  a  term  of  five  years  and  shall  serve 
until  his  successor  is  selected  and  qualified;  and  shall  also  elect  a  Vice  President  of  the 
Corporation  who  shall  also  be  the  Vice  Chairman  of  the  Board  of  Trustees  and  who  shall 
be  selected  for  a  term  of  five  years  and  shall  serve  until  his  successor  is  selected  and 
qualified;  they  shall  appoint  a  Director  of  the  Laboratory;  and  they  may  choose  such 
other  officers  and  agents  as  they  may  think  best;  they  may  fix  the  compensation  and  define 
the  duties  of  all  the  officers  and  agents ;  and  may  remove  them,  or  any  of  them,  except 
those  chosen  by  the  members,  at  any  time ;  they  may  fill  vacancies  occurring  in  any  manner 
in  their  own  number  or  in  any  of  the  offices.     The  Board  of  Trustees  shall  have  the  power 
to  choose  an  Executive  Committee  from  their  own  number,  and  to  delegate  to  such  Com- 
mittee such  of  their  own  powers  as  they  may  deem  expedient.     They  shall  from  time  to 
time  elect  members  to  the  Corporation  upon  such  terms  and  conditions  as  they  may  think 
best. 

X.  Any  person  interested  in  the  Laboratory  may  be  elected  by  the  Trustees  to  a  group 
to  be  known  as  Associates  of  the  Marine  Biological  Laboratory. 

XI.  The  consent  of  every  Trustee  shall  be  necessary  to  dissolution  of  the  Marine  Bi- 
ological Laboratory.     In  case  of  dissolution,  the  property  shall  be  disposed  of  in  such 
manner  and  upon  such  terms  as  shall  be  determined  by  the  affirmative  vote  of  two-thirds 
of  the  Board  of  Trustees. 

XII.  The  account  of  the  Treasurer  shall  be  audited  annually  by  a  certified  public 
accountant. 

XIII.  These  By-laws  may  be  altered  at  any  meeting  of  the  Trustees,  provided  that  the 
notice  of  such  meeting  shall  state  that  an  alteration  of  the  By-laws  will  be  acted  upon. 
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IV.     REPORT  OF  THE  TREASURER 

The  following  tables  reflect  the  financial  position  of  the  Laboratory. 

The  first  table  summarizes  the  position  of  the  securities  in  the  Endowment 
Funds.  The  market  value  of  January  1,  1954,  was  $1,153,995.88  in  comparison 
to  the  market  value  shown  on  January  1,  1953,  of  $1,166,063.74.  The  average 
yield  on  the  securities  was  4.77%  on  book  values  and  4%  on  market  values,  or 
slightly  higher  than  was  the  case  in  1952. 

The  second  table  gives  the  Balance  Sheet  of  the  Laboratory  as  of  December  31, 
1953.  It  reflects  the  entries  which  were  necessary  in  connection  with  the  taking-by- 
condemnation  proceedings  by  the  U.  S.  Navy  of  the  Bar  Neck  property.  While 
the  final  settlement  of  this  matter  is  still  subject  to  negotiation  or  litigation,  $75,000 
was  deposited  in  the  courts  and  paid  over  to  the  Laboratory.  This  resulted  in  our 
reducing  the  land  and  buildings  by  the  amount  at  which  this  property  had  been  car- 
ried and  "other  investment  securities"  were  increased  by  about  $75,000  due  to  the 
investment  of  these  funds.  As  the  matter  has  not  been  finally  settled  an  item  is 
carried  on  the  liability  side  of  $55,247.08  pending  final  determination ;  this  iten: 
representing  the  difference  between  the  original  book  value  of  the  property  and  the 
amount  paid  to  the  Laboratory  by  the  Government,  and  will  be  further  adjusted 
later  to  reflect  the  actual  total  amount  finally  received  from  the  Government  for  the 
property  and  to  cover  expenses  incurred  by  the  Laboratory  in  the  condemnation 
proceedings. 

The  third  table  is  a  condensation  of  the  auditor's  income  and  expense  statements 
for  the  past  five  years.  As  I  noted  last  year,  this  table  points  out  strongly  the  need 
of  the  Laboratory  for  additional  income  and  the  importance  of  continued  efforts  by 
everyone  connected  with  the  Laboratory  to  secure  special  donations  each  year. 
Your  officers  and  the  Executive  Committee  are  giving  this  matter  particular  atten- 
tion and  will  undoubtedly  report  to  you  from  time  to  time.  It  is  obvious  that  with- 
out these  special  donations,  it  would  have  been  impossible  for  the  Laboratory  to  con- 
tinue to  make  available  the  facilities  and  services  necessary  for  biological  research 
and  instructions. 

The  other  tables  submitted  call  for  no  comment. 

ENDOWMENT  FUNDS 
January  1,  1954 

Book  Value  %  Market  Value           % 
Bonds 

U.  S.  Government  $268,772.56  27.75  $    260,944.00  22.62 

Railroad   54,613.02  5.63  57,560.00           4.98 

Public  Utility   90,488.75  9.34  86,350.00           7.48 

Industrial                                                               139,128.13  14.37  135,100.00  11.71 


Total  Bonds   553,002.46          57.09  539,954.00          46.79 

Preferred  Stocks   103,805. 13  10.72  %,Mli,.()0  8.39 

Common    Stocks          310,953.08          32.11  516,390.00          44.75 


Total  Securities   967,760.67  1,153,160.00 

Principal  Cash   .  835.88  .08  835.88  .07 


TOTALS    $968.596.55        100.  $1,153,995.88        100. 

The  average  yield  on  the  securities  was  4.77%  on  book  value,  4.00%  on  market  value. 
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MARINE  BIOLOGICAL  LABORATORY  BALANCE  SHEET,  DECEMBER  31,  1953 

Assets 
Endowment  Assets  and  Equities: 

Securities  and  Cash  in  Hands  of  the  Hanover  Bank,  New  York, 

Trustees  $   968,596.55 

Securities  and  Cash  in  Minor  Funds  21,701.36    $   990,297.91 


Plant  Assets: 

Land  $     97,030.04 

Buildings   1,490,726.83 

Equipment  338,588.94 

Library    446,071.11 


$2,372,416.92 
Less  Reserve  for  Depreciation   885,781.84    $1,486,635.08 


Current  Assets: 

Cash   $     23,352.94 

Mortgage  Note  Receivable   2,200.00 

Accounts   Receivable    42,341.67 

Inventories : 

Supply    Department    $     52,565.88 

Biological   Bulletin    17,014.61         69,580.49 


Investments  : 

Devil's  Lane  Property   37,510.74 

Stock  in  Gen.  Biol.  Supply  House,  Inc 12,700.00 

Other   Investment   Securities    122,149.39 

Retirement  Fund    24.017.72       196,377.85 


Prepaid  Insurance    6,808.33 

Items  in  Suspense   (Debits)    3,160.86         343,822.14 


$2,820.755.13 

Liabilities 
Endozvinent  Funds: 

Endowment  Funds    $   965,729.75 

Reserve  for  Amortization   2,866.80  $   968,596.55 


21,701.36    $   990,297.91 


Plant  Funds: 

Mortgage  Note  Payable  5,000.00 

Donations  and  Gifts   1,409,441.81 

Other  Investments  in  Plant  from  Gifts  and  Cur- 
rent  Funds  72,193.27     1,481,635.08      1,486,635.08 


Current  Liabilities  and  Surplus: 

Accounts  Payable  36,593.15 

Items  in  Suspense  (Credits)    2,939.37 

Bar  Neck  Settlement  Account   55,247.08 

Current  Surplus    249,042.54         343,822.14 


$2,820,755.13 
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REPORT  OF  THE  DIRECTOR 

Marine  Biological  Laboratory  Current  Surplus,  December  31,  1953 

Balance,  January  1,  1953   $221,726.86 

Add: 

Prior  Year  Adjustments,  Net  Recovery  $  2,293.51 

Transfer  from  Plant  Funds,  Net  Book  Value  of  Bar  Neck  Property       19,536.34 

Reserve  for  Depreciation,  1953,  Charged  to  Plant  Funds  35,935.10        57,764.95 


$279,491.81 
Deduct: 

Excess  of  Expense  over  Income  for  Year,  as 9,818,94 

Payments  during  Year  from  Current  Funds  for  Plant  Assets  : 

Buildings    $  5,296.64 

Equipment  1,097.49 

Library    14,236.20      20,630.33        30,449.27 


Balance,  December  31,  1953    $249,042.54 


Summary  of  Bank  Balance 

Cash  Balance,  January  1,  1953 

The  Hanover  Bank   $25,547.59 

Falmouth  National  Bank   2,547.53    $  28,095.12 


Receipts   563,657.05 


591,752.17 
Payments 576,517.30 


Cash  Balance,  December  31,  1953 

Hanover    Bank    14,557.93 

Falmouth  National  Bank   676.94    $  15,234.87 


Balances  Balances 

Jan.  1,  1953  Received  Paid       Dec.  31,  1953 

Allen  R.  Memhard  Fund $     86.65  $     27.50  $114.15 

Rev.  Arsenious  Boyer  Fund  177.58  148.76  $170.00             156.34 

Lucretia  Crocker  Fund   1,192.38  553.16  1,745.54 

G.  H.  A.  Clowes  Beach  Fund  1.000.00  1,000.00 

F.  R.  Lillie  Memorial  Research  Fund  6,393.07  225.00  6,618.07 

Retirement  Fund 2,897.95 

Bio  Club  Scholarship  Fund  794.75  579.78  1,133.75             240.78 

Lalor  Foundation  Fellowship  Fund    976.50  6,000.00  6,117.48             859.02 


V.     REPORT  OF  THE  DIRECTOR 

To  THE  TRUSTEES  OF  THE  MARINE  BIOLOGICAL  LABORATORY  : 
Gentlemen : 

I  submit  herewith  the  report  of  the  sixty-sixth  session  of  the  Marine  Biological 
Laboratory. 

The  success  of  the  Marine  Biological  Laboratory  over  the  past  sixty-six  years 
in  research  and  teaching  and  the  development  of  its  plant  and  facilities  surely  fulfills 
the  fondest  hopes  of  the  founding  group.  Throughout  this  period  the  Laboratory, 
through  its  mode  of  operation,  has  fostered  and  encouraged  the  freest  development 
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of  the  research  ideas  of  its  investigators  who  themselves,  as  members  of  the  Corpo- 
ration, determine  its  policies. 

There  has  been  no  suggestion  or  thought  of  changing  the  traditional  policies  of 
the  Laboratory.  In  fact,  there  are  many  good  reasons  for  continuing  along  the  lines 
established  at  the  founding  of  the  Laboratory.  Probably  the  most  cogent  of  these 
is  the  great  need  for  emphasis  on  basic  research  in  all  fields  of  science  in  this  coun- 
try. Fortunately,  most  of  the  foundations,  including  those  in  the  medical  sciences 
and  the  various  governmental  agencies  controlling  research  funds,  have  very  en- 
lightened leadership  at  the  policy-making  and  fund-granting  levels.  Thus  it  has 
been  possible  for  the  Marine  Biological  Laboratory  to  secure  significant  support 
from  such  sources  under  grants  or  contracts.  This  support  is  listed  under  item  1 
in  this  report. 

Also,  there  have  been  significant  contributions  listed  below  from  friends  of  the 
Laboratory.  Included  in  this  is  a  contribution  from  the  M.B.L.  Associates  who 
number  128. 

1.  Grants,  Contracts  and  Contributions: 

These  are  assuming  great  importance  in  the  support  of  the  Laboratory.  This 
past  year  they  totaled  $108,488.37. 

Grants : 

Rockefeller  Foundation,  general  support $17,500.00 

Rockefeller  Foundation,  special  apparatus    5,000.00 

National  Science  Foundation 10,000.00 

American  Philosophical  Society   1,800.00 

American  Cancer  Society    5,350.00 

New  York  Zoological  Society 4,000.00 

F.  R.  Lillie  Fellowship   .  .  . '. 1,500.00 

National  Institute  of  Health — Studies  of  Arbacia  egg  and  sperm 

cells    1,080.00 

Contracts : 

Office  of  Naval  Research,  studies  on  marine  biology 15,000.00 

Office  of  Naval  Research,  investigation  of  environmental  factors 

influencing    certain    marine    biological    populations    in    the 

Woods  Hole  area   8,639.50 

Office  of  Naval  Research  on  encephalization  during  ontogency  in 

Auiciitnis  ncbulosits   2,224.00 

Office  of  Naval  Research,  research  in  the  fundamental  properties 

and  functions  of  nerve  tissue  by  use  of  the  giant  axon  of  the 

squid   '. 7,695.87 

Office  of  Naval  Research,  osmoregulation  in  marine  animals  ....        1,000.00 
Atomic    Energy    Comission,    research    employing    radioisotopes 

in  an  investigation  of  the  biochemistry  of  cell  nuclei 13,400.00 

Atomic    Energy    Commission,    research    on    the    physiology    of 

marine  organisms,  using  radioisotopes 5,400.00 

Contributions : 

Mrs.  Margaret  Meigs 1,000.00 

Eli  Lilly  and  Company 5,000.00 

Miscellaneous 1,274.00 

MBL  Associates  1,625.00 
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2.  Plant  Improvements: 

The  great  increase  in  the  amount  and  variety  of  electrical  equipment  use  in  the 
Laboratory  in  recent  years  has  resulted  in  an  overloading  of  some  of  the  electrical 
circuits.  Over  the  past  two  years,  added  lines  have  been  installed  and  others  have 
been  changed  to  take  care  of  the  additional  load.  Also,  new  transformers  have 
been  installed  on  the  main  incoming  power  lines  which  are  important  in  the  main- 
tenance of  constant  voltages.  Mr.  Robert  Kahler,  Manager  of  Maintenance,  and  his 
staff  merit  special  commendation  for  their  handling  of  various  emergencies  which 
have  occasionally  occurred  in  the  past  due  to  overloading  of  lines.  With  further 
modifications  and  changes,  it  can  be  confidently  anticipated  that  power  failures  and 
voltage  fluctuations  will  be  avoided  in  the  future. 

3.  Operations  Analysis: 

During  the  past  year,  a  thorough-going  operations  analysis  of  the  Laboratory 
was  carried  out  by  Dr.  Richard  Parmenter  who  transmitted  his  final  report  to  the 
Executive  Committee  in  February  (1954).  Some  of  the  recommendations  made  in 
this  report  have  already  been  put  into  effect.  Others  have  been  referred  to  the 
various  appropriate  standing  committees  and  to  special  committees  for  their  con- 
sideration. It  is  anticipated  that  as  a  result  of  this  report  and  the  implementation 
of  many  of  the  recommendations,  improvements  in  the  operation  of  the  Laboratory 
will  result  with  continuing  information  available  on  the  financial  operations. 

4.  Changes  in  the  Dining  Hall: 

During  the  past  summer,  the  Dining  Hall  operated  on  a  self-service  basis  in  a 
manner  that  appeared  generally  satisfactory  to  the  investigators  and  students. 
Definite  economies  resulted.  This  balanced  on  a  cash  basis  the  financial  operation 
of  the  Dining  Hall  which  had  showed  modest  deficits  in  its  two  preceding  summers. 

5.  Instruction: 

Dr.  Francis  T.  Haxo  found  it  advisable  to  resign  as  Head  of  the  course  in 
Marine  Botany  and  will  be  succeeded  by  Dr.  Harold  Bold. 

The  Laboratory  was  very  fortunate  in  receiving  important  support  from  the 
New  York  Zoological  Society  (Mr.  Fairfield  Osborn,  President)  for  the  course  in 
Marine  Ecology  for  the  first  three  years  of  its  operation.  This  course  has  been  an 
outstanding  success  under  the  leadership  of  Dr.  Bostwick  H.  Ketchum.  It  will 
devolve  upon  the  officers  of  the  Laboratory  to  seek  support  elsewhere  for  the  course 
after  1954. 

6.  Bar  Neck  Property: 

During  the  past  year,  negotiations  have  continued  with  the  Navy  to  achieve  a 
settlement  for  adequate  compensation  for  the  Bar  Neck  Property.  Mr.  Swope, 
President  of  the  Corporation,  has  devoted  a  great  deal  of  time,  thought  and  energy 
to  this  problem.  It  is  hoped  that  an  equitable  agreement  can  be  reached  in  the 
near  future  and  thus  avoid  the  necessity  of  long  court  proceedings. 

Respectfully  submitted, 
PHILIP  B.  ARMSTRONG, 

Director 
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1.     MEMORIAL 

Zi(/-:t'/;/   Grout  Conklin 
1863-1952 

E.  G.  BUTLER 

With  the  death  of  Professor  Edwin  Grant  Conklin  the  biological  sciences  lost  an  out- 
standing leader  and  the  Marine  Biological  Laboratory  one  of  its  earliest  and  most  emi- 
nent members.  He  was  born  in  Waldo,  Ohio,  November  24,  1863.  After  a  brief  illness, 
he  died  in  Princeton,  New  Jersey,  November  21,  1952. 

Mo^t  of  his  youth  was  spent  near  Delaware,  Ohio,  where  his  father  was  a  country 
doctor.  Here  he  attended  the  public  schools  and  later  the  Ohio  Wesleyan  University, 
from  which  he  was  graduated  in  18S5.  Although  Conklin  early  became  interested  in 
the  natural  sciences,  close  second  interests,  beginning  with  his  undergraduate  years,  were 
those  in  literature  and  philosophy.  With  money  earned  by  teaching  in  a  one-room  dis- 
trict school  during  an  interval  in  his  college  course  he  began  his  private  library  of  books 
in  the  classics,  philosophy,  religion,  history  and  science.  His  deep  interest  in  literature 
remained  with  him  to  the  end  of  his  days  and  his  lectures  and  writings  were  frequently 
enlivened  by  quotations  of  prose  and  poetry,  much  of  it  committed  to  memory  as  a  young 
man. 

On  graduation  from  college  he  took  a  position  at  Rust  University,  Holly  Springs, 
Mississippi,  a  school  for  the  education  of  negroes  operated  by  the  Methodist  Church. 
There  for  three  years  he  taught  a  great  variety  of  subjects,  including  all  of  the  science 
offered.  It  was  during  this  period  that  he  decided  to  make  biology  his  life  work  an  ' 
accordingly  he  entered  the  Johns  Hopkins  University  in  1888.  Until  he  enrolled  at 
Johns  Hopkins  Conklin  had  had  no  laboratory  training  in  biology,  his  knowledge  of  the 
subject  having  come  from  field  collecting,  museum  work  and  text-book  study.  Conse- 
quently, during  his  first  year  at  the  Johns  Hopkins  he  took  practically  all  of  the  under- 
graduate courses  in  biology,  as  well  as  beginning  graduate  study  under  Professor  W.  K. 
Brooks.  His  principal  field  of  study  at  Johns  Hopkins  was  animal  morphology  and  he 
received  the  Ph.D.  degree  in  1891. 

Woods  Hole  early  became  Conklin's  scientific  home.  He  first  came  here  in  the  sum- 
mer of  1890,  occupied  a  research  table  at  the  United  States  Fish  Commission,  and  thus 
began  an  association  with  Woods  Hole  which  was  to  continue  throughout  the  rest  of  his 
life.  After  two  summers  at  the  Fish  Commission,  he  transferred  in  1892,  on  the  invi- 
tation of  Professor  Whitman,  to  the  Marine  Biological  Laboratory.  Altogether,  his 
association  with  Woods  Hole  as  an  active  research  worker  covered  a  span  of  sixty-two 
years,  a  record  which  1  believe  is  unequaled. 

It  was  during  his  first  summer  at  Woods  Hole  that  he  became  interested  in  the  devel- 
opment of  the  gastropods.  He  found  Crcpidula  abundant  and  favorable  for  study  and 
began  his  work  on  the  embryology  and  cytology  of  this  form,  an  investigation  which,  in 
one  way  and  another,  was  to  occupy  him  for  many  years  and  to  result  in  numerous  im- 
portant contributions.  It  was  his  first  summer's  research  on  the  early  development  of 
Crepidula,  dealing  especially  with  cell  lineage,  that  formed  the  subject  of  his  doctoral 
thesis.  It  is  noteworthy  that  this  was  a  problem  of  Conklin's  own  choice  and  one  which 
did  IK.!  at  first  receive  the  wholehearted  approval  of  his  Johns  Hopkins  preceptor,  Pro- 

or  llrooks.  However,  around  the  turn  of  the  century  the  method  of  carefully  fol- 
lowing the  fate  of  individual  cells  from  the  first  cleavage  of  the  fertilized  egg  on  through 
later  cleavages  to  the  establishment  of  parts  of  the  embryo  became  of  prime  importance 
in  solving  problems  concerned  with  the  differential  localization  of  organ-forming  sub- 
stances. In  such  work  Conklin.  along  with  E.  B.  Wilson  and  F.  R.  Lillie,  became  a 
leader. 
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Conklin's  research  over  the  years  dealt  with  many  different  organisms  and  covered 
a  wide  range  of  subjects  in  cytology  and  embryology,  but  he  achieved  eminence  particu- 
larly for  his  work  on  the  gastropods,  the  ascidians  and  Ampliio.vns.  He  often  told  of 
the  gratification  and  delight  he  experienced  when,  on  examining  the  eggs  of  a  number 
of  Woods  Hole  ascidians,  he  found  the  naturally-pigmented  egg  of  C  \nthia  partita.  As 
he  once  wrote,  this  discovery  "modified  the  whole  course  and  purpose"  of  his  work.  It 
enabled  him  greatly  to  extend  his  earlier  studies  on  the  mosaic  type  of  development  and 
the  distribution  and  fate  of  organ-forming  materials.  He  published  many  papers  on 
the  normal  and  experimental  embryology  of  Cynthia  and  his  great  monograph  on  the 
Organization  and  Cell  Lineage  of  the  Ascidian  Egg,  published  in  quarto  with  207  figures 
(60  in  color),  stands  as  a  landmark  of  his  research. 

In  connection  with  his  interests  in  cell  lineage  and  the  mosaic  type  of  development, 
he  decided  to  turn  his  attention  to  the  early  embryology  of  Amphioxns.  This  work  was 
begun  during  a  period  of  residence  at  the  Zoological  Station  in  Naples  and  was  continued 
for  many  years  on  material  which  he  had  collected  there.  The  results  were  presented  in 
his  papers  on  the  development  of  Amp/nexus,  including  both  normal  rind  experimental 
studies,  which  greatly  extended  our  knowledge  of  the  embryology  of  this  important  form. 
Despite  the  comprehensive  nature  of  this  investigation,  Conklin  regarded  it  as  incomplete 
and  those  who  visited  him  in  his  laboratory  last  summer  found  him  hard  at  work  on  his 
Am  phi 'ox us  material. 

Early  in  his  research  Conklin  began  to  use  experimental  methods,  especially  the  ap- 
plication of  centrifugal  force  and  changes  in  temperature  and  pressure,  and  to  study  the 
cytoplasmic  alterations  which  they  produced.  More  than  most  biologists  he  was  ever 
conscious  of  the  relation  to  one  another  of  the  descriptive  and  the  experimental  methods 
and  the  values  of  each.  His  deep  interest  in  experimental  zoology  is  exemplified  by  the 
fact  that  he  was  one  of  three  zoologists,  E.  B.  Wilson  and  T.  H.  Morgan  being  the  others, 
who  were  initially  responsible  for  the  establishment  of  the  Journal  of  Experimental  Zo- 
ology. He  served  on  the  Editorial  Board  from  the  first  issue  in  1904  until  his  death. 

Of  deep  concern  to  Conklin  throughout  his  life  were  the  philosophical  and  social  im- 
plications of  science.  His  own  research,  together  with  extensive  reading,  beginning  in 
his  youth,  in  philosophy,  religion  and  social  problems,  led  him  to  much  constructive 
thinking  and  the  formulation  of  important  concepts  dealing  with  embryology  and  evolu- 
tion, evolution  and  religion,  teleology,  science  and  ethics  and  kindred  subjects.  He  was 
endowed  with  an  extraordinary  ability  for  penetrating  thought  on  philosophical  matters 
and  a  remarkable  talent  for  clear  and  forceful  exposition.  He  was  a  master  in  bringing 
in  apt  quotations  from  the  great  works  of  science  and  the  classics.  The  titles  and  sub- 
jects of  his  books  reflect  his  deep  concern  with  fundamental  human  problems.  Heredity 
and  Environment  in  the  I  Development  of  Men  went  through  six  editions  and  many  print- 
ings and  was  translated  into  Japanese,  French  and  Russian.  His  later  books,  the  Direc- 
tion of  Hitman  Evolution,  Freedom  and  Responsibility,  What  is  Man?,  and  Man:  Real 
and  Ideal,  received  wide  acclaim.  In  all,  he  published  over  250  works  on  Embryology, 
Cytology,  Evolution  and  Education.  About  half  of  them  deal  with  evolutionary  and 
philosophical  matters.  He  regarded  it  as  an  "inestimable  privilege  ...  to  add  to  the 
store  of  knowledge,  to  seek  truth  not  only  for  truth's  sake  but  also  for  humanity's  sake, 
and  to  have  a  part  in  the  greatest  work  of  all  time  .  .  .  the  further  progress  of  the  human 
race." 

In  his  teaching  career  Conklin  was  associated  with  four  institutions.  On  completing 
his  graduate  studies  at  Johns  Hopkins,  he  returned  to  Ohio  Wesleyan  University  where 
he  served  as  professor  for  three  years.  Then  followed  two  years  at  Northwestern  Uni- 
versity and  twelve  years  at  the  University  of  Pennsylvania.  In  1908,  on  the  invitation 
of  Woodrow  Wilson,  then  president  of  Princeton  University,  he  joined  the  Princeton 
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faculty  as  Professor  of  Biology  and  Chairman  of  the  Department.  Here  he  remained 
for  the  rest  of  his  life,  becoming  Professor  Emeritus  in  1933. 

One  cannot  include  in  a  memorial  such  as  this  an  enumeration  of  the  many  honors 
conferred  upon  him.  He  was  long  a  member  of  the  National  Academy  of  Sciences  and 
at  one  time  or  another  served  as  president  of  the  leading  zoological  societies  of  the  coun- 
try. In  1936  he  was  president  of  the  American  Association  for  the  Advancement  of 
Science.  He  was  elected  to  membership  in  a  number  of  foreign  academies.  Honorary 
degrees  of  Sc.D.  and  LL.D.  were  awarded  him  by  eight  universities.  Especially  intimate 
was  his  relation  to  the  American  Philosophical  Society,  in  the  activities  of  which  he  took 
a  leading  part  for  many  years.  It  is  particularly  noteworthy  that  in  the  long  history  of 
this  organization,  the  oldest  learned  society  in  America,  he  was  the  only  person  to  have 
been  twice  elected  president. 

Conklin  was  one  of  the  old  guard  of  the  Marine  Biological  Laboratory,  of  the  group 
intimately  associated  with  the  early  days  of  the  Laboratory  under  Whitman  and  with  its 
development  through  the  years.  He  became  a  member  of  the  Corporation  in  1894  and 
was  a  Trustee  from  1897  on,  becoming  Trustee  Emeritus  in  1934.  His  counsel  in  labo- 
ratory affairs  was  frequently  sought.  As  the  records  show,  he  served  on  many  standing 
and  special  committees  and  had  much  to  do  in  solving  the  problems  and  shaping  the  poli- 
cies of  this  institution.  Few  have  had  a  longer  or  more  intimate  connection  with  the 
Marine  Biological  Laboratory  than  he;  no  one  has  been  more  devoted  to  its  welfare.  He 
was  a  trustee  of  the  Woods  Hole  Oceanographic  Institution,  beginning  with  its  estab- 
lishment in  1930,  and  last  summer  was  made  an  Honorary  Trustee.  With  his  deep  in- 
terest in  marine  biology,  he  was  a  leader  in  the  reorganization  of  the  Bermuda  Biological 
Station  in  1925  and  served  as  its  president  for  ten  years. 

A  recital  of  Conklin's  achievements  in  research,  his  well-deserved  eminence  as  a 
scholar,  his  devoted  service  to  many  institutions  fails  to  present  the  complete  picture  of 
Conklin  as  a  man.  All  who  knew  him  came  to  feel  the  spell  of  his  warm  personal  char- 
acteristics, to  enjoy  his  brilliance  as  a  conversationalist,  his  wit,  and  especially  to  treasure 
the  stimulation  which  came  from  his  liberal  philosophical  and  social  outlook.  His  intel- 
lectual horizons  were  broad ;  he  was  ever  finding  new  ideas  or  new  and  interesting  ways 
of  looking  at  old  ideas. 

It  was  Conklin  who  was  called  upon  to  give  the  principal  address  at  the  dedication 
of  this  building  in  1925.  In  the  course  of  this  address  he  said:  "Our  strongest  social 
instincts  are  for  service;  the  joy  of  life  is  in  progress;  the  desire  of  all  men  is  for  im- 
mortality through  their  work."  What  better  words  than  these  can  we  find  to  express 
our  appreciation  of  his  life,  his  work  and  his  contributions  to  the  Marine  Biological 
Laboratory. 

Jeremy  Babb 
1933-1953 

Jeremy  Babb  was  born  on  January  26,  1933,  the  son  of  Mr.  and  Mrs.  Glenn  Babb  of 
Bedford.  Virginia. 

Jeremy  had  just  completed  his  sophomore  year  as  a  premedical  student  at  Princeton 
University  and  came  directly  to  Woods  Hole  to  work  in  the  Supply  Department  of  the 
Laboratory.  Here  he  proved  himself  an  able,  willing  and  conscientious  worker.  He 
took  an  active  part  in  the  life  around  him  at  the  Laboratory;  his  cheerful  and  friendly 
personality  made  him  well  liked  by  all  who  were  associated  with  him. 

It  was  in  the  early  morning  hours  of  July  9,  1953,  as  he  drove  to  get  squid  that  he 
met  accidental  death. 

The  members  of  the  Corporation  of  the  Marine  Biological  Laboratory  record  with 
deep  sorrow  the  death  of  Jeremy  Babb  and  they  extend  heartfelt  sympathy  to  his  family. 
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2.     THE  STAFF,  1953 

PHILIP  B.  ARMSTRONG,  Director,  State  University  of  New  York,  School  of  Medicine, 
Syracuse 

SENIOR  STAFF  OF  INVESTIGATION 

A.  P.  MATHEWS,  Professor  of  Biochemistry,  Emeritus,  University  of  Cincinnati 
G.  H.  PARKER,  Professor  of  Zoology,  Emeritus,  Harvard  University 

ZOOLOGY 

I.  CONSULTANTS 

F.  A.  BROWN,  JR.,  Professor  of  Zoology,  Northwestern  University 
LIBBIE  H.  HYMAN,  American  Museum  of  Natural  History 
A.  C.  REDFIELD,  Woods  Hole  Oceanographic  Institution 

II.  INSTRUCTORS 

L.  H.  KLEINHOLZ,  Professor  of  Biology,  Reed  College,  in  charge  of  course 
JOHN  H.  LOCH  HEAD,  Associate  Professor  of  Zoology,  University  of  Vermont 
NORMAN  A.  MEINKOTH,  Associate  Professor  of  Zoology,  Swarthmore  College 
GROVER  STEPHENS,  Assistant  Professor  of  Zoology,  University  of  Minnesota 
JOHN  M.  ANDERSON,  Associate  Professor  of  Zoology,  Cornell  University 
MURIEL  SANDEEN,  Department  of  Zoology,  Duke  University 
SEARS  CROWELL,  Assistant  Professor  of  Zoology,  Indiana  University 
HOWARD  T.  ODUM,  Assistant  Professor  of  Biology,  University  of  Florida 

III.     LABORATORY  ASSISTANTS 

\YILLIAM  E.  DOSSEL,  Johns  Hopkins  University 
ELIZABETH  PAULSEN,  Rutgers  University 

\V   -.     , 

EMBRYOLOGY 
I.     INSTRUCTORS 

S.  MERYL  ROSE,  Associate  Professor  of  Zoology,  University  of  Illinois,  in  charge  of  course 

WILLIAM  E.  BERG,  Assistant  Professor  of  Zoology,  University  of  California,  Berkeley 

MAC  V.  EDDS.  JR.,  Associate  Professor  of  Biology,  Brown  University 

JOHN  R.  SHAVER,  Assistant  Professor  of  Zoology,  University  of  Missouri 

J.  P.  TRINKAUS,  Assistant  Professor  of  Zoology,  Yale  University 

EDGAR  ZWILLINC,  Associate  Professor  of  Genetics,  University  of  Connecticut 

II.     LABORATORY  ASSISTANTS 

LILLIAN  M.  YOUNGS,  University  of  North  Carolina 
SUSUMU  ITO,  Western  Reserve  University 

PHYSIOLOGY 

I.     CONSULTANTS 

MERKEL  H.  JACOBS,  Professor  of  Physiology,  University  of  Pennsylvania 

OTTO  LOEWI,  Professor  of  Pharmacology,  New  York  University,  School  of  Medicine 
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ARTHUR  K.  PARPART,  Professor  of  Biology,  Princeton  University 

ALBERT  SZENT-GYORGYI,  Director,  Institute  for  Muscle  Research,  Woods  Hole 

E.  S.  GUZMAN  BARRON,  Associate  Professor  of  Biochemistry,  University  of  Chicago 

II.     INSTRUCTORS 

DANIEL  MAZIA,  Associate  Professor  of  Zoology,  University  of  California,  in  charge  of 
course 

STEPHEN  KUFFLER,  Associate  Professor  of  Ophthalmology,  Wilmer  Institute,  Johns  Hop- 
kins University  Medical  School 

MAX  A.  LAUFFER,  Professor  and  Head  of  Dept.  of  Biophysics,  University  of  Pittsburgh 

ROGER  Y.  STANIER,  Professor  of  Bacteriology,  University  of  California,  Berkeley 

H.  BURR  STEINBACH,  Professor  of  Zoology,  University  of  Minnesota 

GEORGE  WALD,  Professor  of  Biology,  Harvard  University 

ANDREW  SZENT-GYORGYI,  Independent  Investigator,  The  Institute  for  Muscle  Research 

III.     LABORATORY  ASSISTANT 
PAUL  BERNSTEIN,  Department  of  Zoology,  Washington  University 

BOTANY 

I.  CONSULTANTS 

MAXWELL  S.  DOTY,  Associate  Professor  of  Botany,  University  of  Hawaii 
WM.  RANDOLPH  TAYLOR,  Professor  of  Botany,  University  of  Michigan 

II.  INSTRUCTORS 

FRANCIS  T.  HAXO,  Assistant  Professor  of  Marine  Botany,  Scripps  Institution,  Univer- 
sity of  California,  in  charge  of  course 

PAUL  C.  SILVA,  Instructor  in  Botany,  University  of  Illinois 
RICHARD  C.  STARR,  Instructor  in  Botany,  University  of  Indiana 

III.     LABORATORY  ASSISTANTS 

ANN  ALLEN,  Indiana  University 

ROBERT  T.  WILCE,  University  of  Michigan 

IV.     COLLECTOR 
PETER  JENNINGS,  Drew  University 

MARINE  ECOLOGY 

I.  CONSULTANTS 

W.  C.  ALLEE,  University  of  Florida 

ALFRED  C.  REDFIELD,  Woods  Hole  Oceanographic  Institution 

II.  INSTRUCTORS 

BOSTWICK  H.  KETCHUM,  Marine  Microbiologist,  Woods  Hole   Oceanographic  Institu- 
tion, in  charge  of  course 

EDWIN  T.  MOUL,  Assistant  Professor  of  Botany,  Rutgers  University 
CHARLES  JENNKR,  Assistant  Professor  of  Zoology.  University  of  North  Carolina 
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III.    ASSISTANT 
ROBERT  T.  WILCE,  University  of  Michigan 

THE  LABORATORY  STAFF,  1953 
HOMER  P.  SMITH,  General  Manager 

MRS.  DEBORAH  LAWRENCE  HARLOW,  ROBERT  KAHLER,  Superintendent, 

Librarian  Buildings  and  Grounds 

JAMES  MC!NNIS,  Manager  of  Supply  ROBERT  B.  MILLS,  Manager,  De- 
Department  partment  of  Research  Service 

GENERAL  OFFICE 

POLLY  L.  CROWELL  NANCY  SHAVE 

MRS.  LILA  MYERS  ELIZABETH  CORRELLUS 

LIBRARY 

MARY  A.  ROHAN  MARY  ANN  DAVIS 

ELIZABETH  A.  YOUNG  T.  E.  TAWELL 

ALBERT  NEAL 

MAINTENANCE  OF  BUILDINGS  AND  GROUNDS 

ROBERT  ADAMS  GEORGE  A.  KAHLER 

ARTHUR  CALLAHAN  DONALD  B.  LEHY 

ROBERT  GUNNING  ALTON  J.  PIERCE 

JOHN  HEAD  JAMES  S.  THAYER 

DEPARTMENT  OF  RESEARCH  SERVICE 

GAIL  M.  CAVANAUGH  SEAVER  HARLOW 

PATRICIA  PHILPOTT 

SUPPLY  DEPARTMENT 

RUTH  S.  CROWELL  PATRICIA  M.  CONWAY 

MILTON  B.  GRAY  GEOFFREY  LEHY 

A.  M.  HILTON  ROBERT  O.  LEHY 

WALTER  E.  KAHLER  CARL  SCHWEIDENBACK 

ROBERT  PERRY  JAMES  P.  WHITCOMB 

H.  S.  WAGSTAFF 

BIOLOGICAL  BULLETIN 

DONALD  P.  COSTELLO,  Managing  Editor 

University  of  North  Carolina,  Dept.  of  Zoology 
Chapel  Hill,  North  Carolina 

CATHERINE  HENLEY,  Assistant  to  the  Editor 
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3.     INVESTIGATORS  AND  STUDENTS 
Independent  Investigators,  1953 

AI.LEE,  WARDER  CLYDE,  Head  Professor  of  Biology,  University  of  Florida 

ALLEN,  M.  J.,  Assistant  Professor  of  Zoology,  University  of  New  Hampshire 

ALSCHER,  RUTH  PAULA,  Associate  Professor,  Manhattanville  College  of  the  Sacred  Heart 

AMBERSON,  WILLIAM  R.,  Professor  and  Head  of  Department,  University  of  Maryland  Medical 

School 

ANDERSON,  JOHN  MAXWELL,  Associate  Professor  of  Zoology,  Cornell  University 
ANDERSON,  ROBERT  S.,  Professor  of  Physiology,  University  of  South  Dakota 
ARMSTRONG,   PHILIP   B.,   Professor  of  Anatomy,   State  University  of  New   York,   College  of 

Medicine  at  Syracuse 

BALL,  ERIC  G.,  Professor  of  Biological  Chemistry,  Harvard  Medical  School 
BANG,  FREDERICK  B.,  Associate  Professor  of  Medicine,  Johns  Hopkins  University   School  of 

Medicine 

BARLOW,  HORACE  B.,  Instructor,  Wilmer  Institute,  Johns  Hopkins  Hospital 
BARTLETT,  JAMES  H.,  Professor  of  Physics,  University  of  Illinois 
BERG,  WILLIAM  E.,  Assistant  Professor  of  Zoology,  University  of  California 
BERGER,  CHARLES  A.,  Chairman,  Dept.  of  Biology,  Fordham  University 
BERNSTEIN,  MAURICE  H.,  JR.,  Staff  Member,  Carnegie  institution  of  Washington 
BOETTIGER,  EDWARD  G.,  Associate  Professor  of  Zoology,  University  of  Connecticut 
BOREI,  HANS  G.,  Professor  of  Zoology,  University  of  Pennsylvania 
BOYARSKY,  Louis  L.,  Associate  Professor  of  Physiology,  University  of  Kentucky 
BROWN,  FRANK  A.,  JR.,  Professor  and  Chairman,  Dept.  of  Biological  Sciences,  Northwestern 

University 

BROWNELL,  KATHERINE  A.,  Instructor,  Ohio  State  University 
BRUNER,  JOYCE  A.,  Research  Associate,  State  University  of  Iowa 
BUTLER,  ELMER  G.,  Professor  of  Biology,  Princeton  University 

CANTONI,  G.  L.,  Associate  Professor  in  Pharmacology,  Western  Reserve  University 
CHAET,  ALFRED  B.,  Research  Assistant,  University  of  Pennsylvania 
CHASE,  AURIN  M.,  Associate  Professor  of  Biology,  Princeton  University 
CHENEY,  RALPH  HOLT,  Professor  of  Biology,  Brooklyn  College 
CLAFF,  C.  LLOYD,  Associate  in  Surgery,  Harvard  Medical   School 
CLARK,  ARNOLD  M.,  Associate  Professor  of  Biology,  University  of  Delaware 
CLARK,  ELLIOT  R.,  Professor  Emeritus  of  Anatomy,  University  of  Pennsylvania 
CLOWES,  G.  H.  A.,  Research  Director  Emeritus,  Lilly  Research  Laboratories 
CLEMENT,  A.  C.,  Associate  Professor  of  Biology,  Emory  University 
COHEN,  ADOLPH  L,  Fellow,  National  Science  Foundation,  University  of  California 
COLE,  KENNETH  S.,  Technical  Director,  Naval  Medical  Research  Institute 
COLWIN,  ARTHUR  L.,  Associate  Professor  of  Biology,  Queens  College 
COLWIN,  LAURA,  Professor  of  Biology,  Queens  College 

COOPERSTEIN,  SHERWIN  J.,  Assistant  Professor  of  Anatomy,  Western  Reserve  University 
CORNMAN,  IVOR,  Assistant  Research  Professor  in  Anatomy,  George  Washington  University 
COSTELLO,  DONALD  P.,  Kenan  Professor  in  Zoology,  University  of  North  Carolina 
CROWELL,  SEARS,  Assistant  Professor  of  Zoology,  Indiana  University 
CSAPO,  ARPAD  L,  Staff  Member  and  Lecturer,  Carnegie  Institution  of  Washington 
DEVILLAFRANCA,  GEORGE,  Instructor  in  Zoology,  Smith  College 
DIKSHIT,  PADMAKAR,  Nutrition  Research  Laboratories,  Coonoor,  India 
DISCIIE,  ZACHARIAS,  Associate  Professor  of  Biochemistry,  Columbia  University 
F.nns,  MAC  V.,  JR.,  Associate  Professor  of  Biology,  Brown  University 
EICJIKI.,  HERBERT  J.,  Research  Associate,  Hahnemann  Medical  College 
FRAENKKL,  GOTTFRIED  S.,  Professor  of  Entomology,  University  of  Illinois 
GALL,  JOSEPH  G.,  Instructor  in  Zoology,  University  of  Minnesota 
GASTEK.I  K,  KUC.AR  L,  Research  Associate,  Massachusetts  General  Hospital 
GOLDSTEIN,  I.KSTER,  Research  Associate,  University  of  Pennsylvania 
GOODAI.L,  MAKCKS  C.,  Independent  Investigator,  Institute  for  Muscle  Research 
GRANT,  PHII.II>,  Research  Fellow,  Public  Health  Service,  Columbia  University 
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GREEN,  JAMES  W.,  Assistant  Professor  of  Physiology,  Rutgers  University 

GREENE,  PETER  H.,  Student  and  University  Fellow,  University  of  Chicago 

GRIFFIN,  DONALD  R.,  Professor  of  Zoology,  Cornell  University 

GROSCH,  DANIEL  S.,  Associate  Professor  of  Genetics,  North  Carolina  State  College 

GRUNDFEST,  HARRY,  Associate  Professor  in  Neurology,  College  of  Physicians  and  Surgeons 

GUTTMAN,  RITA,  Assistant  Professor  of  Biology,  Brooklyn  College 

GUYSELMAN,  J.  BRUCE,  Instructor  in  Zoology,  Carleton  College 

HAJDU,  STEPHEN,  Independent  Investigator,  The  Institute  for  Muscle  Research 

HAMER,  DOUGLAS,  Biochemist  and  University  Research  Fellow,  Cancer  Research  Laboratories, 

Birmingham,  England 

HAMMOND,  WARNER  S.,  Associate  Professor  of  Anatomy,  State  University  of  New  York,  Col- 
lege of  Medicine  at  Syracuse 

HARTMAN,  F.  A.,  Instructor  and  Professor,  Ohio  State  University 
HARVEY,  ETHEL  BROWNE,  Independent  Investigator  in  Biology,  Princeton  University 
HARVEY,  E.  XEWTON,  Professor  of  Physiology,  Princeton  University 
HAYASHI,  TERU,  Associate  Professor  of  Zoology,  Columbia  University 
HAXO,  F.  T.,  Assistant  Professor  of  Marine  Botany,  Scripps  Institution  of  Oceanography 
HEILBRUNN,  L.  V.,  Professor  of  Zoology,  University  of  Pennsylvania 
HENLEY,  CATHERINE,  Research  Associate,  University  of  North  Carolina 
HICKSON,  ANNA  KELTCH,  Research  Chemist,  Lilly  Research  Laboratories 
HILD,  WALTHER,  Fellow  Rockefeller  Foundation,  University  of  Colorado 
HUNTER,  F.  R.,  Professor  and  Head  of  Dept.  of  Physiology,  Florida  State  University 
HUXLEY,  A.  F.,  Assistant  Director  of  Research,  Physiological  Laboratory,  Cambridge,  England 
HYMAN,  CHESTER,  Associate  Professor  of  Physiology,  University  of  Southern  California 
JACOBS,  M.  H.,  Professor  of  General  Physiology,  University  of  Pennsylvania 
JENKINS,  GEORGE  B.,  Professor  Emeritus  of  Anatomy,  George  Washington  University 
JENNER,  CHARLES  E.,  Assistant  Professor  of  Zoology,  University  of  North  Carolina 
JONES,  E.  RUFFIN,  Professor  of  Biology,  University  of  Florida 
KAO,  CHIEN-YUAN,  Assistant  in  Pathology,  Cornell  University  Medical  College 
KALCKAR,  HERMAN  M.,  Dept.  Head,  Institute  for  Cytophysiology,  University  of  Copenhagen, 

Denmark 

KEMPTON,  RUDOLF  T.,  Chairman,  Department  of  Zoology,  Vassar  College 
KIND,  CHARLES  ALBERT,  Assistant  Professor  of  Chemistry,  University  of  Connecticut 
KLEINHOLZ,  L.  H.,  Professor  of  Biology,  Reed  College 

KLOTZ,  IRVING  M.,  Professor  of  Chemistry  and  Biology,  Northwestern  University 
KRAHL,   MAURICE   E.,   Associate    Professor   of   Biological    Chemistry,    Washington    University 

Medical  School 

KUFFLER,  STEPHEN  W.,  Associate  Professor,  Wilmer  Institute,  Johns  Hopkins  Hospital 
KUNTZ,  ELOISE,  Assistant  Professor  of  Physiology,  Vassar  College 

LANSING,  ALBERT  L,  Associate  Professor  of  Anatomy,  Washington  University  Medical  School 
LAUFFER,  MAX  A.,  Professor  and  Head  of  Dept.  of  Biophysics,  University  of  Pittsburgh 
LAZAROW,  ARNOLD,  Associate  Professor,  Western  Reserve  University 

LEVY,  MILTON,  Associate  Professor  of  Chemistry,  New  York  University  College  of  Medicine 
LOCH  HEAD,  JOHN  H.,  Professor  of  Zoology,  University  of  Vermont 

LORAND,  LASZLO,  Associate  Department  of  Physiology,  Wayne  University  College  of  Medicine 
LOVE,  WARNER  E.,  Fellow  of  Johnson  Foundation,  University  of  Pennsylvania 
MARSLAND,  DOUGLAS,  Professor  of  Biology,  Washington  Square  College 
MATEYKO,  G.  M.,  Fellow,  Damon  Runyon  Mem.  Fund,  Washington  Square  College 
MAURO,  ALEXANDER,  Assistant  Professor  of  Physiology,  Yale  University 
MAZIA,  DANIEL,  Associate  Professor  of  Zoology,  University  of  California 
MEINKOTH,  NORMAN  A.,  Associate  Professor  of  Biology,  Swarthmore  College 
MERKEL,  JOSEPH  R.,  Waksman-Merck  Postdoctoral  Fellow,  Rutgers  University 
METZ,  CHARLES  B.,  Associate  Professor  of  Zoology,  University  of  North  Carolina 
MIURA,  YOSHIAKI,  Rockefeller  Foundation  Fellow,  University  of  Tokyo,  Japan 
MOORE,  GEORGE  M.,  Professor  of  Zoology,  University  of  New  Hampshire 
MOORE,  JOHN  W.,  Biophysicist,  Naval  Medical  Research  Institute 
MOUL,  EDWIN  T.,  Assistant  Professor  of  Botany,  Rutgers  University 
NACHMANSOHN,  DAVID,  Associate  Professor  of  Neurology,  Columbia  University 
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NANNINGA,  LUDO,  Independent  Investigator,  Institute  for  Muscle  Research 
NEFF,  ROBERT  J.,  Assistant  Professor  of  Biology,  Vanderbilt  University 
NELSON,  LEONARD,  Instructor  of  Physiology,  University  of  Nebraska 
ODUM,  HOWARD  THOMAS,  Assistant  Professor,  University  of  Florida 
OSTERHOUT,  W.  J.  V.,  Member  Emeritus,  The  Rockefeller  Institute 
PARPART,  ARTHUR  K.,  Professor  and  Chairman,  Dept.  of  Biology,  Princeton  University 
PETTIBONE,  MARIAN  H.,  Instructor,  University  of  New  Hampshire 
PROCTOR,  NATHANIEL,  Associate  Professor  of  Biology,  Morgan  State  College 
PROSSER,  C.  LADD,  Professor  of  Physiology,  University  of  Illinois 
RIESER,  PETER,  University  of  Pennsylvania 

ROBERTS,  JOHN  L.,  Instructor  in  Physiology,  University  of  Massachusetts 
RONKIN,  R.  R.,  Assistant  Professor  of  Physiology,  University  of  Delaware 
ROOT,  WALTER  S.,  Professor  of  Physiology,  Columbia  University 
ROSE,  S.  MERYL,  Associate  Professor  of  Zoology,  University  of  Illinois 
ROTH,  JAY  S.,  Assistant  Professor  of  Biochemistry,  Hahnemann  Medical  College 
ROYS,  CHESTER,  Research  Associate,  Tufts  College 
RUGH,  ROBERTS,  Associate  Professor  of  Radiology,  Columbia  University 
SANDEEN,  MURIEL  I.,  Instructor  in  Zoology,  Duke  University 
SCHECHTER,  VICTOR,  Assistant  Professor  of  Biology,  City  College  of  New  York 
SCHLEYER,  WALTER  B.,  Research  Associate,  Columbia  University 
SCLUFER,  EVELYN,  Graduate  Student,  University  of  Pennsylvania 
SCOTT,  ALLAN,  Chairman,  Department  of  Biology,  Colby  College 

SCOTT,  DWIGHT  B.  M.,  Associate  in  Biochemistry,  Children's  Hospital  of  Philadelphia 
SCOTT,  SISTER  FLORENCE  MARIE,  Professor  of  Biology,  Seton  Hill  College 
SCOTT,  GEORGE  T.,  Professor,  Oberlin  College 

SHANES,  A.  M.,  Head  of  Cellular  Physiology,  National  Institute  of  Mental  Health 
SARTENAER,  PAUL  J.  M.  J.,  Assistant  at  Institut  Roy.  des  Sciences  Nat.,  Belgium 
SHAVER,  JOHN  R.,  Assistant  Professor  of  Zoology,  University  of  Missouri 
SHEDLOVSKY,  THEODORE,  Associate  Member,  Rockefeller  Institute 
SILVA,  PAUL  CLAUDE,  Instructor  of  Botany,  University  of  Illinois 
SLIFER,  ELEANOR  H.,  Associate  Professor  of  Zoology,  State  University  of  Iowa 
SOLS,  ALBERTO,  Research  Fellow  in  Biochemistry,  Washington  University  School  of  Medicine 
SONNENBLICK,  B.  P.,  Associate  Professor  of  Biology,  Rutgers  University 

SPEIDEL,  CARL  C.,  Professor  and  Chairman  of  Anatomy,  University  of  Virginia  School  of  Medi- 
cine 

SPRATT,  NELSON  T.,  Professor  of  Zoology,  University  of  Minnesota 
STANIER,  ROGER,  Professor  of  Bacteriology,  University  of  California 
STARR,  RICHARD  C.,  Assistant  Professor  of  Botany,  Indiana  University 
STEINBACH,  H.  B.,  Professor  of  Zoology,  University  of  Minnesota 
STOREY,  ALMA  G.,  Professor  Emeritus  of  Plant  Science,  Mount  Holyoke  College 
STROMINGER,  JACK  L.,  Senior  Assistant  Surgeon,  National  Institute  of  Arthritis  and  Metabolic 

Diseases 

STUNKARD,  HORACE  W.,  Professor  of  Biology,  New  York  University 
SZENT-GYORGYI,  ALBERT,  Chief  Investigator,  Institute  for  Muscle  Research 
SZENT-GYORGYI,  ANDREW  G.,  Independent  Investigator,  Institute  for  Muscle  Research 
SZENT-GYORGYI,  EVE,  Research  Assistant,  Institute  for  Muscle  Research 
SZENT-GYORGYI,  MARTA  B.,  Research  Assistant,  Institute  for  Muscle  Research 
TAYLOR,  WM.  RANDOLPH,  Professor  of  Botany,  University  of  Michigan 

THOMAS,  LYELL  J.,  Instructor  of  Pharmacology,  Woman's  Medical  College  of  Pennsylvania 
TRINKAUS,  J.  P.,  Assistant  Professor  of  Zoology,  Yale  University 
TROLL,  WALTER,  Assistant  Director,  May  Institute  for  Medical  Research 
TSUBOI,  KENNETH,  Chemist,  College  of  Physicians  and  Surgeons 
TRUJI,  FREDERIC  L,  Research  Assistant  in  Biochemistry,  Princeton  University 
VERNBERG,  F.  JOHN,  Instructor  of  Zoology,  Duke  University 

VILLEE,  CLAUDE  A.,  Assistant  Professor  of  Biochemistry,  Harvard  Medical  School 
VINCENT,  WALTER  S.,  Instructor  in  Anatomy,  New  York  State  University,  School  of  Medicine 
at  Syracuse 
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WAINIO,  WALTER  W.,  Associate  Professor  of  Biochemistry,  Rutgers  University 

WARNER,   ROBERT   C.,   Assistant   Professor   of   Chemistry,    New   York   University    College   of 

Medicine 

WEBB,  H.  MARGUERITE,  Assistant  Professor,  Goucher  College 
WHITING,  P.  W.,  Professor  of  Zoology,  University  of  Pennsylvania 
WICHTERMAN,  RALPH,  Professor  of  Biology,  Temple  University 

WIERCINSKI,  FLOYD  J.,  Assistant  Professor  of  Physiology,  Hahnemann  Medical  College 
WILBER,  CHARLES,  Medical  Laboratories,  Applied  Physiology  Branch 
WILSON,  IRWIN  B.,  Assistant  Professor  of  Biochemistry,  Columbia  University 
WILSON,  WALTER  L.,  Assistant  Professor  of  Physiology  and  Biophysics,  University  of  Vermont 

College  of  Medicine 

WITSCHI,  EMIL,  Professor  of  Zoology,  State  University  of  Iowa 
WRINCH,  DOROTHY,  Lecturer  in  Physics,  Smith  College 
ZOTTERMAN,  YGVE,  Professor,  Veterinarske  Hogskola,  Stockholm,  Sweden 
ZWEIFACH,  BENJAMIN  W.,  Associate  Professor  of  Biology,  New  York  University 
ZWILLING,  EDGAR,  Associate  Professor,  University  of  Connecticut 

4.     LALOR  FELLOWS,  1954 

DEViLLAFRANCA,  GEORGE,  Smith  College 

HAMER,  DOUGLAS,  Cancer  Research  Laboratories,  Birmingham,  England 

HUXLEY,  A.  F.,  Physiological  Laboratory,  Cambridge.  England 

JOHNSON,  THOMAS  N.,  Michigan  State  College 

KALCKAR,  HERMAN  M.,  University  of  Copenhagen,  Demark 

MERKEL,  JOSEPH  R.,  Rutgers  University 

TSUBOI,  KENNETH,  College  of  Physicians  and  Surgeons 


Beginning  Investigators,  1953 


*g 


CHANG,  JOSEPH  J.,  J.  S.  DeWitt  Fellow  in  Biology,  Princeton  University 

CHAPMAN,  KENT  M.,  Teaching  Assistant,  University  of  Minnesota 

COHEN,  MELVIN  J.,  Graduate  Research  Zoologist,  University  of  California 

COLLIER,  JACK  R.,  Graduate  Student,  University  of  North  Carolina 

COUILLARD,  PIERRE,  Graduate  Student,  University  of  Pennsylvania 

DECK,  J.  DAVID,  Graduate  Student,  Princeton  University 

DUNN,  ARNOLD,  University  of  Pennsylvania 

EICHHORN,  JOHN  H.,  Research  Assistant,  Ohio  State  University 

GHIRETTI,  ANNA,  Zoological  Station,  Naples,  Italy 

GROSS,  PAUL  C.,  Graduate  Student,  University  of  Pennsylvania 

HEMPLING,  HAROLD  G.,  Graduate  Student,  Princeton  University 

HERR,  EARL  B.,  Graduate  Student,  University  of  Delaware 

HOWARD,  ROBERT  S.,  Assistant  Professor  of  Biological  Sciences,  University  of  Delaware 

JACOB,  MIRIAM,  Teaching  Assistant,  New  York  University 

JOHNSON,  THOMAS  N.,  Instructor,  Michigan  State  College 

KAYE,  ALVIN  M.,  Research  Assistant,  University  of  Pennsylvania 

KIEBEL,  GERALDINE,  New  York  University 

LANDAU,  JOSEPH  V.,  Damon  Runyon  Research  Fellow,  New  York  University 

MARONEY,  SAMUEL  P.,  Graduate  Student,  Duke  University 

MAYNARD,  DONALD  M.,  Teaching  Assistant,  University  of  California 

Moos,  CARL,  Graduate  Student,  Columbia  University 

MORRISON,  THOMAS  H.,  Graduate  Student,  Princeton  University 

PADYKULA,  HELEN  A.,  Research  Fellow,  Harvard  Medical  School 

RAFFERTY,  KEEN  A.,  JR.,  Teaching  Assistant,  University  of  Illinois 

RAY,  DAVID  T.,  Instructor  of  Zoology,  Howard  University 

ROSENBAUM,  LEONARD,  Student,  University  of  Delaware 
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ROSENBERG,  ROBERT,  Research  Fellow,  Northwestern  University 

ROSENBERG,  ALBURT  M.,  Graduate  Student,  University  of  Pennsylvania 

SHANKLIN,  DOUGLAS,  New  York  State  University  College  of  Medicine  at   Syracuse 

SKOU,  J.  CHRISTIAN,  Assistant  Professor,  University  of  Denmark 

SMALL,  JEAN  E.,  Graduate  Student,  Brown  University 

STEPHENS,  GROVER  C.,  Instructor  in  Biology,  Brooklyn  College 

STEPHEXSON,  WILLIAM  K.,  Graduate  Student,  University  of  Minnesota 

THRASHER,  GEORGE  CHARLES,  University  of  Virginia  School  of  Medicine 

TUNIK,  BERNARD  D.,  Student,  Columbia  University 

Library  Readers,  1953 

ANC.EVINE,  JAY  B.,  JR.,  Graduate  Assistant,  Cornell  University 
BAKER,  HOWARD  D.,  Associate  Professor,  Florida  State  University 

BAUCHAU,  ADRIAN  G.,  Charge  de  Cours  in  Zoology,  Facultas  Universitaires,  Namur,  Belgium 
BLOCK,  ROBERT,  Research  Associate,  University  of  Pennsylvania 
BODANSKY,  OSCAR,  Chief  of  Clinical  Biochemistry,  Sloan  Kettering  Institute 
COHEN,  SEYMOUR  S.,  Associate  Professor  of  Physiol.  Chem.,  University  of  Pennsylvania,  Chil- 
dren's Hospital 

DILLER,  IRENE  COREY,  Associate  Member  of  Institute,  Institute  for  Cancer  Research 
DIXON,   FRANK   J.,    Professor   and   Chairman,    Dept.    of   Pathology,   University   of   Pittsburgh 

School  of  Medicine 

DuBois,  EUGENE  F.,  Emeritus  Professor  of  Physiology,  Cornell  University  Medical  College 
GABRIEL,  MORDECAI  L.,  Assistant  Professor,  Brooklyn  College 
GABRIELI,  ELEMER,  Research  Fellow,  Yale  Medical  School 
GAFFRON,  HANS,  Professor  of  Biochemistry,  University  of  Chicago 
GRUENBERG,  BENJAMIN  C.,  Consultant,  100  Central  Park  South,  New  York  19 
HENSHAW,  PAUL  S.,  Director  of  Research,  Planned  Parenthood  Federation  of  America 
JONES,  SARAH  R.,  Instructor  of  Zoology,  Connecticut  College 
RABAT,  ELVIN  A.,  Professor  of  Microbiology,  College  of  Physicians  and  Surgeons 
KARRER,  HEINZ  E.,  Johns  Hopkins  University  School  of  Hygiene  and  Public  Health 
KARUSH,  FRED,  Assistant  Professor  of  Immunology,  University  of  Pennsylvania 
KINDRED,  JAMES  E.,  Professor  of  Anatomy,  University  of  Virginia 
KINERSLY,  THORN,  Research  Fellow,  Yale  University  School  of  Medicine 
KRAMER,  MOLLIE  P.,  Bibliographer,  American  Meteorological  Society 
LIANG,  HSU-MU,  Fellow  of  Cancer  Research,  Washington  University 
LOVE,  Lois  CODER,  Chemical  Biological  Coordination  Center,  National  Research  Council 
LUCKE,  BALDUIN,  Professor  of  Pathology,  University  of  Pennsylvania 

MCDONALD,  SISTER  ELIZABETH  SETON,  Chairman,  Dept.  of  Biology,  College  of  Mount  St.  Joseph 
MEMHARD,  ALLEN  R.,  18  Crescent  Road,  Riverside,  Connecticut 
MORRISON,  DAVID,  Woods  Hole,  Mass. 

NAMIAS,  JEROME,  Chief,  Extended  Forecast  Section,  U.  S.  Weather  Bureau 
ORTIZ,  EVELINA,  Instructor  in  Zoology,  University  of  Chicago 
RACKER,  EFRAIM,  Associate  Professor  of  Biochemistry,  Yale  University 
REINER,  JOHN  M.,  Assistant  Professor  of  Biochemistry,  Columbia  University 
Ross,  VICTOR,  Research  Associate,  College  of  Physicians  and  Surgeons 
SCHWARTZ,  MARTIN,  University  Club,  Madison,  Wisconsin 

Sen WARTZMAN,  GREGORY,  Director,  Dept.  of  Microbiology,  Mount  Sinai  Hospital 
Si  OTT,  THOMAS  F.  M.,  Director  of  Research,  Childrens  Hospital  of  Philadelphia 
STEIGMAN,  ALEX  J.,  Professor  of  Child  Health,  University  of  Louisville  Aledical  School 
STERN,  KURT  G.,  Adjunct  Professor  of  Biochemistry,  Polytechnic  Institute  of  Brooklyn 
SULK  IN,   S.   EDWARD,   Professor  and  Chairman,   Dept.   of  Bacteriology,   Southwestern    Medical 

School 

TONDO,  C.  V.,  National  Research  Council  of  Brazil 

TROTTER,  MII.DKED,  Professor  of  Gross  Anatomy,  Washington  University 
TSAI,  TSULI,  Kdlow  of  Cancer  Research,  Washington  University  Medical  School 
TYLER,  ALBERT,  Professor  of  Embryology,  California  Institute  of  Technology 
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WILHELM,  J.  O.,  Director,  Research  Council  of  Ontario,  Toronto,  Canada 
WOLLMAR,  RICHARD,  Technician,  Seaplant  Chemical  Corporation 
WYMENGA,  HARRY  G.,  Research  Chemist,  N.  V.  Organon,  Oss,  Holland 
ZINX,  DONALD  J.,  University  of  Rhode  Island 

Research  Assistants,  1953 

ALLEN,  MARJORY  ANN,  Indiana  University 

BAKER,  GERALDINE  M.,  Western  Reserve  University 

BARNES,  LOY  J.,  University  of  Missouri 

BENNETT,  MIRIAM  F.,  Northwestern  University 

BERMAN,  MONES,  Sloan  Kettering  Institute 

BERNSTEIN,  PAUL  W.,  Washington  University 

BLANKENHORN,  BRIGITTE,  University  of  Maryland  Medical  School 

BOOTH,  ELIZABETH  A.,  Columbia  University 

BORENFREUND,  ELLEN,  Columbia  University 

CHALFIN,  DAVID,  Princeton  University 

DETERRA,  NOEL,  Barnard  College,  Columbia  University 

DOSSEL,  WILLIAM  E.,  Johns  Hopkins  University 

DRAKE,  JOHN  W.,  Yale  University 

Fox,  HOWARD  A.,  Colby  College 

FROST,  JAMES  L.,  Princeton  University 

GINTER,  EILEEN  L.,  Hahnemann  Medical  College 

GLASSER,  RICHARD  L.,  University  of  Maryland  Medical  School 

GXADE,  ALI.A,  University  of  Pennsylvania 

GRAVES,  ROBERT  C,  Northwestern  University 

HINES,  MARGARET  N.,  Northwestern  University 

HOHNS,  ELSIE  D.,  New  York  University 

ITO,  SUSUMU,  Western  Reserve  University 

LACHANCE,  LEO  EMERY,  North  Carolina  State  College 

LARIS,  PHILIP  C.,  Princeton  University 

LAUFER,  WILMA,  Tufts  College 

LECRONE,  PATRICIA  A.,  University  of  Delaware 

LORIMER,  ISABELLE,  New  York  University 

MCLAUGHLIN,  JEAN,  The  Institute  for  Muscle  Research 

MAWE,  RICHARD  C.,  Princeton  University 

METZ,  DELILAH  B.,  New  York  University 

PAULSEX,  ELIZABETH,  University  of  Vermont 

PHILLPOTT,  DELBERT,  The  Institute  for  Muscle  Research 

REICH,  PETER,  Harvard  Medical  School 

RIMMLER,  LUDWIG  J.,  Syracuse  University 

RODGERS,  FRANCES  F.,  University  of  Pennsylvania 

ROSENBLUTH,  RAJA,  Columbia  University 

SCHWARZ,  NANCY  L.,  University  of  Illinois 

SERES,  JOEL  L.,  University  of  Delaware 

STEINBERG,  MALCOLM  S.,  University  of  Minnesota 

STONE,  NOMI,  Barnard  College 

SULLIVAN,  ROBERT  L.,  North  Carolina  State  College 

SUSSMAN,  KARL  E.,  University  of  Maryland  Medical  School 

VAN  BERGEIJK,  WILLEM,  State  University  of  Iowa 

VOORHEES,  DAVID  B.,  Yale  University 

WALTERS,  PATRICIA,  Lilly  Research  Laboratories 

WATT,  DONALD  J.,  Columbia  University 

WESTFALL,  JANE  ANXE,  University  of  North  Carolina 

WILCE,  ROBERT  T.,  University  of  Michigan 

WYTTEXBACH,  CHARLES  R.,  Indiana  University 

YOUNGS,  LILLIAN  M.,  University  of  North  Carolina 

ZIMMERMAN,  ARTHUR  M.,  New  York  University 
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Students,  1953 
BOTANY 

BOWES,  REV.  DAVID,  Catholic  University 

HILLIS,  LLEWELLYA,  University  of  Michigan 

KANWISHER,  JOAN,  Woods  Hole,  Mass. 

MARSHALL,  HAROLD  G.,  Western  Reserve  University 

BOWLING,  JOHN  A.,  Harvard  College 

NOE,  FREDERICK,  Drew  University 

RUDOLPH,  EMANUEL,  Washington  University 

SMITH,  CHARLOTTE  A.,  Vassar  College 

STEPHENSON,  PHYLLIS  C,  University  of  Illinois 

STIBRITZ,  MARY  G.,  Earlham  College 

YOUNG,  RICHARD  S.,  University  of  North  Carolina 

ECOLOGY 

ANGEVINE,  EMELINE  MIDGETT,  Cornell  University 

BOND,  RICHARD  R.,  University  of  Wisconsin 

BRONSWEIG,  RUTH  D.,  Bryn  Mawr  College 

GREENBURG,  MICHAEL  J.,  Cornell  University 

KUENZLER,  EDWARD  J.,  JR.,  University  of  Georgia 

PERROTTA,  CARMIE  A.,  University  of  Wisconsin 

SCHREIMAN,  DAVID  E.,  107  Gifford  Avenue,  Jersey  City,  N.  J. 

SHAW,  EVELYN  S.,  American  Museum  of  Natural  History 

EMBRYOLOGY 

AMBELLAN,  ELIZABETH  H.,  Columbia  University 

BESKIND,  HARRY,  Queens  College 

BORYSKO,  EMIL,  Johns  Hopkins  University 

BOULAS,  STANLEY  H.,  Brown  University 

BRAILSFORD,  ELIZABETH  S.,  Mt.  Holyoke  College 

CLUGSTON,  HELEN  V.,  Oberlin  College 

CURLEY,  ELLEN  L.,  Wellesley  College 

DASHMAN,  THEODORE,  University  of  Illinois 

DENNY,  DAVID,  Dillard  University 

DOOLIN,  PAUL  F.,  University  of  Illinois 

DUNCAN,  JAMES  T.,  Wabash  College 

ERICKSON,  JOAN,  Radcliffe  College 

GALLAGHER,  JOHN  C.,  Yale  University 

GRABOWSKI,  CASIMER  T.,  Johns  Hopkins  University 

HEGAN,  NANCY  A.,  Pennsylvania  College  for  Women 

HILFER,  SAUL  ROBERT,  Queens  College 

HODGE,  MARY  H.,  Simmons  College 

JEFFRIES,  WILLIAM  B.,  University  of  North  Carolina 

LETOURNEAU,  DAVID  J.,  Wesleyan  University 

McKiNNELL,  ROBERT  G.,  Springfield  4,  Missouri 

McMuRRAY,  VIRGINIA  M.,  State  University  of  Iowa 

MERRILL,  ARTHUR  S.,  Harvard  University 

MILKMAN,  ROGER  D.,  Harvard  University 

PARK,  HELEN  D.,  George  Washington  University 

RUDIN,  ROBERT,  University  of  North  Carolina 

SPIEGELMAX,  IRVIN  MORTON,  Amherst  College 

SWARTZ,  FRANK  J.,  Western  Reserve  University 

TELFER,  WILLIAM  H.,  Harvard  University 

TUCKER,  REV.  EUGENE  L.,  Loyola  College 

WESSELLS,  NORMAN  K.,  Yale  University 
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PHYSIOLOGY 


BAKEMEIER,  RICHARD  F.,  University  of  Rochester 

BEHRMAN,  EDWARD  T.,  University  of  California 

BIBRING,  THOMAS,  Stanford  University 

BIRKS,  RICHARD  I.,  McGill  University 

BRILL,  ARTHUR  S.,  University  of  Pennsylvania 

CASCARANO,  JOSEPH,  New  York  University 

CHILD,  FRANK  M.,  Amherst  College 

FEBVRE,  HENRI,  The  Rockefeller  Institute 

GELLER,  DAVID  M.,  Harvard  University 

GONZALEZ,  ELSA  L.,  Columbia  University 

HAGGIS,  ALEX  J.,  University  of  Rochester 

HARRIS,  JOSEPH  D.,  Purdue  University 

HARVEY,  HARRIET  R.,  University  of  Oklahoma 

KOWAL,  JEROME,  Johns  Hopkins  Medical  School 

LAMBERT,  FRANCIS  L.,  Harvard  University 

LEVENTHAL,  DAVID  E.,  University  of  Illinois 

LITMAN,  ROSE  M.,  Indiana  University 

MANN,  JAY  D.,  Brooklyn  College 

MILLS,  KENNETH  S.,  University  of  Texas 

OLSON,  JOHN  M.,  University  of  Pennsylvania 

POTTER,  DAVID  D.,  Harvard  University 

RAPOPORT,  STANLEY  L,  Princeton  University 

RIECK,  ALVIN  F.,  Marquette  University 

ROEDER,  MARTIN,  University  of  North  Carolina 

ROTER,  ELLEN  CELIA,  University  of  Illinois 

ROTHSCHILD,  HANNA  A.,  University  of  Sao  Paulo,  Brazil 

SCHNEIDERMAN,  HOWARD  A.,  Cornell  University 

SOLANO,  SISTER  FRANCIS,  Nazareth  College 

STRAUS,  MARK,  1901  Bedford  Avenue,  Brooklyn,  N.  Y. 

THEOPHILUS,  VICTORIA,  Vassar  College 

WOLBACH,  ROBERT  A.,  Cornell  University  School  of  Medicine 

INVERTEBRATE  ZOOLOGY 

ASHTON,  FRANCIS  T.,  Swarthmore  College 

ATZ,  JAMES  W.,  New  York  Zoological  Society 

BARSA,  MARY  C.,  Fordham  University 

BENDIX,  SELINA,  University  of  California 

BIERMAN,  SHEILA,  Cornell  University 

BROWN,  PAUL  L.,  University  of  Illinois 

CORY,  ROBERT  L.,  University  of  Delaware 

CUMINGS,  EDWIN  H.,  DePauw  University 

CURRY,  GEORGE  M.,  Harvard  University 

DOWLING,  MARY  C.,  Seton  Hill  College 

DRAKE,  JOHN  W.,  Yale  University 

EISENMAN,  JOSEPH,  City  College  of  New  York 

FRASER,  ELIZABETH  F.,  Bedford  College,  London,  England 

FRASER,  JEAN  F.,  Bedford  College,  London,  England 

FROST,  DAVID,  New  York  University 

GREEN,  DONALD  M.,  Oberlin  College 

GREEN,  PAUL  B.,  University  of  Pennsylvania 

HADLEY,  DORIS  S.,  George  Washington  University 

HAGEN,  LYNETTE  M.,  Brothers  College  of  Drew  University 

HARTSHORNE,  JAMES  M.,  Cornell  University 

HARVEY,  WILLIAM  R.,  Harvard  University 

HAUBRICH,  ROBERT  R.,  University  of  Florida 

HEAFITZ,  MORTON  H.,  Dartmouth  College 

HICKOK,  JOHN  F.,  Cate  School,  California 
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LAPPANO,  ELEANOR  R.,  Fordham  University 

LINDER,  HARRIS  J.,  Cornell  University 

MARKO,  ANITA  R.,  Adelphi  and  Hofstra  Colleges 

MCDAXIEL,  HARRIET  C.,  Brooklyn  College 

MCKERNAN,  SALLY  A.,  University  of  Kansas 

McNAMAUA,  UORRIS,  New  York  University 

MESSINI.F.K,  KLI  CHARLES,  Lafayette  College 

MI/ELL,  MERLE,  University  of  Illinois 

MOFFATT,  JANE  L.,  George  Washington  University 

PASSAGLIA,  MARTIN  A.,  St.  Louis  University 

PATTON,  WENDELL  K.,  Hamilton  College 

PIERKO,  Louis,  Marquette  University 

PRVOR,  CARLON  W.,  University  of  Kansas 

REED,  ROBERT  R.,  Purdue  University 

RENNER,  JOHN  H.,  Dartmouth  College 

RICHARDS,  MARIE  L.,  Maryville  College 

ROBERTS,  JANE  C.,  University  of  Massachusetts 

ROSLANSKY,  JOHN  D.,  University  of  California 

ROWE,  EDWARD  C.,  Wesleyan  University 

RUNYON,  MIRIAM,  Vassar  College 

SARGENT,  LYDIA  M.,  Knox  College 

SCHLICK,  ROBERTA  A.,  Knox  College 

SCHLUETER,  EDGAR  A.,  University  of  Wisconsin 

SENTERFIT,  LAURENCE  B.,  Johns  Hopkins  Hospital 

SHRINER,  JOAN,  Mount  Holyoke  College 

SKINNER,  DOROTHY  M.,  Tufts  College 

STEVENSON,  JOSEPH  R.,  Oberlin  College 

SULLIVAN,  ROBERT  L.,  North  Carolina  State  College 

VANLAER,  HELEN  R.,  Johns  Hopkins  University 

WARWICK,  ANNE  CHARLOTTE,  Johns  Hopkins  University 

WENDT,  RICHARD  H.,  University  of  Rochester 

5.     TABULAR  VIEW  OF  ATTENDANCE,  1949-1953 

1949      1950      1951      1952      1953 

INVESTIGATORS— TOTAL  344  338  303  300  310 

Independent  193  198  186  172  176 

Under  Instruction  52  43  28  38  37 

Library  Readers  55  48  46 

Research  Assistants  44  49  52  47  51 

STUDENTS— Total  128  126  124  123  136 

Zoology  55  55  55  55  55 

Embryology  31  29  27  23  30 

Physiology  27  27  29  27  31 

Botany  15  13  13  11  11 

Ecology 7  9 

TOTAL  ATTENDANCE  472  444  427  423  446 

Less  persons  registered  as  both  students  &  investigators  2 


470  444        427  42 1  446 

INSTITUTIONS   REPRESENTED — Total    155  156        158  149  155 

By   Investigators    114  114         115  92  90 

By    Students    68  67          43  57  65 

SCHOOLS  AND  ACADEMIES  REPRESENTED 

By    Investigators    1  1  1 

By    Student,    3  1 

FOREIGN  INSTITUTIONS  REPRESENTED 

By  Investigators    6  6            8  7  15 

By   Students    3  3  2  6 
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6.     COOPERATING  AND  SUBSCRIBING  INSTITUTIONS,  1953 
Cooperating  Institutions 


Amherst  College 

Brooklyn  College 

Brown  University 

Bryn  Mawr  College 

California  Institute  of  Technology 

Carnegie  Embryological  Laboratory 

Children's  Hospital  of  Philadelphia 

Colby  College 

College  of  Mt.  Joseph-on-the-Ohio 

College  of  Physicians  and  Surgeons 

Columbia  University 

Cornell  University 

Drew  University 

Duke  University 

Elmira  College 

Emory  University 

Fordham  University 

George  Washington  University 

Hahnemann  Medical  School 

Harvard  University 

Harvard  University  Medical  School 

Eli  Lilly  and  Company 

Marquette  University 

Massachusetts  General  Hospital 

Morgan  State  College 

Mount  Holyoke  College 

National  Institute  of  Arthritis  and  Metabolic 

Diseases 

National  Science  Foundation 
New  York  University  College  of  Medicine 
New  York  University,  Heights 
New    York    University,    Washington    Square 

College 
North  Carolina  State  College  of  Agriculture 

and  Engineering 
Northwestern  University 
Oak  Ridge  Institute  for  Nuclear  Studies 


Oberlin  College 

Princeton  University 

Rockefeller  Foundation 

Rockefeller  Institute  for  Medical  Research 

Rutgers  University 

Seaplant  Chemical  Corporation 

Sloan  Kettering  Institute 

Southwestern  Medical  College 

State  University  of  Iowa 

State  University  of  New  York,  College  of 
Medicine  at  Syracuse 

Temple  University 

Tufts  College 

University  of  Chicago 

University  of  Connecticut 

University  of  Delaware 

University  of  Illinois 

University  of  Maryland  School  of  Medicine 

University  of  Massachusetts 

University  of  Michigan 

University  of  Minnesota 

University  of  New  Hampshire 

University  of  North  Carolina 

University  of  Pennsylvania 

University  of  Pennsylvania  Medical  School 

University  of  Rochester 

University  of  Vermont  Medical  School 

University  of  Virginia 

University  of  Wisconsin 

Vassar  College 

Washington  University  School  of  Medicine 

Wellesley  College 

Wesleyan  University 

Western  Reserve  University  School  of  Medi- 
cine 

Yale  University 


Subscribing  Institutions 


American  Bureau  of  Medical  Aid  to  China 

Belgian  American  Educational  Foundation 

City  College  of  New  York 

Cleveland  Audubon  Society 

Dillar  University 

Hamilton  College 

Indiana  University 

Loyola  College 

May  Institute  for  Medical  Research 

Mount  Sinai  Hospital 

Ohio  State  College 

Pennsylvania  College  for  Women 


Radcliffe  College 

University  of  California 

University  of  Kentucky 

University  of  Louisville  Medical  School 

University  of  Mississippi 

University  of  Nebraska 

University  of  Pittsburgh 

Vanderbilt  University 

\Vabash  College 

Washington  University 

Women's  Medical  College  of  Pennsylvania 
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7.     EVENING  LECTURES,  1953 

July  3 

HERMANN  KALCKAR    "Nucleoticles,  their  synthesis  and  their  func- 
tions." 
July  10 

HORACE  W.  STUNKARD "Parasitism,  a  phase  of  marine  biology." 

July  17 

E.  S.  G.  BARRON "The    importance   of   sulfhydryl   groups    in 

biology  and  medicine." 
July  24 

H.  KEFFER  HARTLINE  "Electrical  activity  of  visual  receptors  and 

optic  nerve  fibers." 
July  31 

ROBERT  BRIGGS    "The  problem   of  nuclear  differentiation   in 

embryonic  development." 
August  7 

P.  F.  SCHOLANDER  "Homiothermism  in  relation  to  climate." 

August  10 

A.  F.  HUXLEY "Muscle  fibers  under  the  microscope." 

August  14 

ERNEST  POLLARD "The  physics  of  viruses." 


August  21 

LEIGH  E.  CHADWICK  ,  ."Insect  cholinesterases." 


8.     TUESDAY  EVENING  SEMINARS,  1953 

June  20 

DOROTHY  WRINCH  "New  evidence   regarding  the  structure  of 

ribonuclease." 

W.  S.  VINCENT "An    approach    to    the    problem    of    DNA 

constancy." 

DANIEL  MAZIA  "Chemical  and  electron  microscopic  obser- 
vations on  the  isolated  mitotic  apparaus." 
July  7 

WARNER  HAMMOND "The    neuronal    derivatives    of    the    neural 

crest  in  the  chick." 

SEARS   CROWELL    "The    regression-replacement    cycle    of    hy- 

dranths  in  Obelia  and  Campanularia." 

Motion  Picture :    F.    S.    Hammett's   time   lapse    study   of   the 

development  and  regression  of  hydranths 
of  Obelia. 
July  14 

HAROLD  G.  HEMPLING "Potassium  and  sodium  movements  in  rab- 
bit polymorphonuclear  leukocytes." 

L.  LORAND   ''Clotting  of  fibrinogen  as  a  problem  of  pro- 
tein chemistry." 

MAX  A.  LAUFFER,  A.  BUZZELL  and  D.     "Thermal     inactivation     of     a     bacterium- 

TRKULA     bacteriophage   complex  at   various   stages 

of  development." 
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July  21 

IRWIN  B.  WILSON   "Some   features   of  the   proteins   associated 

with  the  generation  of  bioelectricity." 

MARIO  ALTAMIRANO  "The  relation  between  the  chemical  struc- 
ture of  some  compounds  and  their  effect 
upon  bioelectric  phenomena." 

Y.  ZOTTERMAN    "The    effect    of    acetylcholine    and    related 

compounds  on  sensory  organs." 
July  28 

JAMES  W.  GREEN  and  F.  X.  WAZETER  . .  "Glycolysis  and  potassium  loss  in  rabbit  red 

cells    exposed    to    ethyl    and    propyl    car- 
bonate." 

F.  R.  HUNTER  and  ALICE  S.  BAKER  ....  "A  study  of  the  oxidative  activity  of  rabbit 

reticulocytes." 

GEORGE  T.  SCOTT  and  HUGH  HAYWARD  . .  "Metabolic  factors  influencing  the  distribu- 
tion of  sodium  and  potassium  ions  in  the 
green  alga  Ulva  lactuca." 
August  4 

STEPHEN   HAJDU    "On  the  mechanism  of  staircase  and  con- 

tracture  in  ventricular  muscle." 

C.  LADD  PROSSER "Conduction  in  non-striated  muscles." 

ABRAHAM  M.  SHANES    "Structural   and   in   vitro   diffusion   charac- 
teristics of  intact  and  'desheathed'  sciatic 
nerves  from  the  toad    (B.  merinns)    and 
the  bullfrog  (R.  catesbiana) ." 
August  11 

JAY  S.  ROTH  "Some  observations  on  the  ribonuclease  ac- 
tivity of  separated  cell  particulates." 

WALTER  TROLL  and  SOL  SHERRY "Synthetic  substrates  for  fibrinolysin  (plas- 

tnin)  and  thrombin." 
August  18 

MALCOLM  STEINBERG "Studies  on  the  mechanism  of  physiological 

dominance  in  Tubularia." 

WALTHER  HILD  "Elaboration  of  so-called  posterior  lobe  hor- 
mone in  the  hypothalamus." 

Y.  ZOTTERMAN    "Primary     polydipsia     in     goats      (motion 

picture)." 

9.    MEMBERS  OF  THE  CORPORATION,  1953 
1.    LIFE  MEMBERS 

BECKWITH,  DR.  CORA  J.,  Vassar  College,  Poughkeepsie,  New  York. 

BILLINGS,  MR.  R.  C.,  66  Franklin  Street,  Boston,  Massachusetts. 

BUDINGTON,  DR.  R.  A.,  Box  954,  Winter  Park,  Florida. 

BRODIE,  MR.  DONALD  M.,  522  Fifth  Avenue,  New  York  18,  New  York. 

CALVERT,  DR.  PHILIP  P.,  University  of  Pennsylvania,  Philadelphia,  Pennsylvania. 

COLE,  DR.  LEON  J.,  College  of  Agriculture,  Madison,  Wisconsin. 

COWDRY,  DR.  E.  V.,  Washington  University,  St.  Louis,  Missouri. 

DUNGAY,  DR.  NEIL  S.,  Carleton  College,  Northfield,  Minnesota. 

GOLDFARB,  DR.  A.  J.,  College  of  the  City  of  New  York,  New  York  City,  New  York. 

JACKSON,  MR.  CHARLES  C.,  24  Congress  Street,  Boston,  Massachusetts. 
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JACKSON,  Miss  M.  C,  88  Marlboro  Street,  Boston,  Massachusetts. 

KING,  MR.  CHARLES  A. 

KING,    DR.    HELEN    D.,    Wistar    Inst.    of    Anatomy    and    Biology,    Philadelphia, 

Pennsylvania. 

LEWIS,  PROF.  W.  H.,  Johns  Hopkins  University,  Baltimore,  Maryland. 
LOWTHER,  DR.  FLORENCE  DEL.,  Barnard  College,  New  York  City,  New  York. 
MACNAUGHT,  MR.  FRANK  M.,  Woods  Hole,  Massachusetts. 
MEANS,  DR.  J.  H.,  15  Chestnut  Street,  Boston,  Massachusetts. 
MOORE,  DR.  GEORGE  T.,  Missouri  Botanical  Gardens,  St.  Louis,  Missouri. 
MOORE,  DR.  J.  PERCY,  University  of  Pennsylvania,  Philadelphia,  Pennsylvania. 
NOYES,  Miss  EVA  J. 

PAYNE,  DR.  FERNANDUS,  Indiana  University,  Bloomington,  Indiana. 
PORTER,  DR.  H.  C,  University  of  Pennsylvania,  Philadelphia,  Pennsylvania. 
RIGGS,  MR.  LAWRASON,  74  Trinity  Place,  New  York  6,  New  York. 
SCOTT,  DR.  ERNEST  L.,  Columbia  University,  New  York  City,  New  York. 
SEARS,  DR.  HENRY  F.,  86  Beacon  Street,  Boston,  Massachusetts. 
SHEDD,  MR.  E.  A. 

WAITE,  PROF.  F.  C.,  144  Locust  Street,  Dover,  New  Hampshire. 
WALLACE,  LOUISE  B.,  359  Lytton  Avenue,  Palo  Alto,  California. 
WARREN,  DR.  HERBERT  S.,  610  Montgomery  Avenue,  Bryn  Mawr,  Pennsylvania. 
YOUNG,  DR.  B.  P.,  Cornell  University,  Ithaca,  New  York. 

2.     REGULAR  MEMBERS 

ABELL,  DR.  RICHARD  G.,  7  Peter  Cooper  Road,  New  York  City,  New  York. 

ADAMS,  DR.  A.  ELIZABETH,  Mount  Holyoke  College,  South  Hadley,  Massachu- 
setts. 

ADDISON,  DR.  W.  H.  F.,  286  East  Sidney  Avenue,  Mount  Vernon,  New  York. 

ADOLPH,  DR.  EDWARD  F.,  University  of  Rochester  School  of  Medicine  and  Den- 
tistry, Rochester,  N.  Y. 

ALBAUM,  DR.  HARRY  G.,  Biology  Department,  Brooklyn  College,  Brooklyn,  New 
York. 

ALBERT,  DR.  ALEXANDER,  Mayo  Clinic,  Rochester,  Minnesota. 

ALLEE,  DR.  W.  C.,   114  Leigh  Hall,  University  of  Florida,  Gainesville,  Florida. 

ALSCHER,  DR.  RUTH,  Dept.  of  Physiology,  Manhattanville  College  of  the  Sacred 
Heart,  Purchase,  New  York. 

AMBERSON,  DR.  WILLIAM  R.,  Dept.  of  Physiology,  University  of  Maryland  School 
of  Medicine,  Baltimore,  Md. 

ANDERSON,  DR.  RUBERT  S.,  Medical  Laboratories,  Army  Chemical  Center,  Maryland. 

ANDERSON,  DR.   T.   F.,  University  of  Pennsylvania,   Philadelphia,    Pennsylvania. 

ARMSTRONG,  DR.  PHILIP  B.,  State  University  of  New  York,  College  of  Medicine, 
Syracuse  10,  New  York. 

ATWOOD,  DR.  KIMBALL  C.,  6SA  Outer  Drive,  Oak  Ridge,  Tennessee. 

AUSTIN,  DR.  MARY  L.,  Wellesley  College,  Wellesley,  Massachusetts. 

AYERS,  DR.  JOHN  C.,  Department  of  Oceanography,  Cornell  University,  Ithaca, 
New  York. 

BAITSELL,  DR.  GEORGE  A.,  54  Hill  House  Ave.,  Connecticut. 

BAKER,  DR.  H.  B.,  Zoological  Laboratory,  University  of  Pennsylvania,  Phila- 
delphia, Pennsylvania. 
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BALL,  DR.  ERIC  G.,  Dept.  of  Biological  Chemistry,  Harvard  University  Medical 

School,  Boston  15,  Massachusetts. 

BALLARD,  DR.  WILLIAM  W.,  Dartmouth  College,  Hanover,  New  Hampshire. 
BARD,  DR.  PHILIP,  Johns  Hopkins  Medical  School,  Baltimore,  Maryland. 
BARRON,  DR.  E.  S.  G.,  Department  of  Medicine,  University  of  Chicago,  Chicago, 

Illinois. 
EARTH,   DR.   L.   G.,   Department  of  Zoology,   Columbia  University,   New  York 

City,  New  York. 
BARTLETT,  DR.  JAMES  H.,  Department  of  Physics,  University  of  Illinois,  Urbana, 

Illinois. 
BEAMS,   DR.   HAROLD  W.,   Department   of  Zoology,    State   University   of   Iowa, 

Iowa  City,  Iowa. 

BECK,  DR.  L.  V.,  Dept.  of  Physiology  and  Pharmacology,  University  of  Pitts- 
burgh School  of  Medicine,  Pittsburgh  13,  Pennsylvania. 
BEERS,  DR.  C.  D.,  University  of  North  Carolina,  Chapel  Hill,  North  Carolina. 
BEHRE,  DR.  ELINOR  H.,  Louisiana  State  University,  Baton  Rouge,  Louisiana. 
BERTHOLF,  DR.  FLOYD  M.,  College  of  the  Pacific,  Stockton,  California. 
BEVELANDER,  DR.  GERRIT,  New  York  University  School  of  Medicine,  New  York 

City,  New  York. 
BIGELOW,  DR.  HENRY  B.,  Museum  of  Comparative  Zoology,  Harvard  University, 

Cambridge,  Mass. 
BIGELOW,    DR.   ROBERT   P.,    Massachusetts   Institute   of   Technology,    Cambridge, 

Massachusetts. 
BISHOP,  DR.  DAVID  W.,  Dept.  of  Embryology,   Carnegie   Inst.  of  Washington, 

Baltimore  5,  Maryland. 

BLANCHARD,  DR.  K.  C.,  Johns  Hopkins  Medical  School,  Baltimore,  Maryland. 
BLOCK,  DR.  ROBERT,  Research  Associate  in  Botany,  University  of  Pennsylvania, 

Philadelphia,  Pa. 
BLUM,  DR.  HAROLD  F.,  Department  of  Biology,  Princeton  University,  Princeton, 

New  Jersey. 
BODANSKY,  DR.  OSCAR,  Dept.  of  Biochemistry,  Sloan-Kettering  Division,  Cornell 

University  Medical  College,  New  York  City,  New  York. 
BODINE,  DR.  J.  H.,  Department  of  Zoology,  State  University  of  Iowa,  Iowa  City, 

Iowa. 
BODIAN,   DR.   DAVID,   Department   of   Epidemiology,   Johns   Hopkins   University, 

Baltimore  5,  Maryland. 

BOELL,  DR.  EDGAR  J.,  Yale  University,  New  Haven,  Connecticut. 
BOETTIGER,  DR.  EDWARD  G.,  Department  of  Zoology,  University  of  Connecticut, 

Storrs,  Conn. 
BONNER,  DR.  JOHN  T.,  Department  of  Biology,  Princeton  University,  Princeton, 

New  Jersey. 

BOREI,  DR.  HANS  G.,  Dept.  of  Zoology,  University  of  Pennsylvania,  Philadelphia,  Pa. 
BRADLEY,  DR.  HAROLD  C.,  2639  Durant  Avenue,  Berkeley  4,  California. 
BRONFENBRENNER,  DR.  J.  J.,  1703  Reynolds  Road,  Winston-Salem,  North  Caro- 
lina. 

BRONK,  DR.  DETLEV  W.,  Rockefeller  Inst.  for  Medical  Research,  New  York  21,  N.  Y. 
BROOKS,  DR.  MATILDA  M.,  University  of  California,  Dept.  of  Physiology,  Berke- 
ley 4,  California. 
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BROWN,  DR.  FRANK  A.,  JR.,  Department  of  Biological   Sciences,  Northwestern 
University,  Evanston,  Illinois. 

BROWN,   DR.   DUGALD   E.    S.,   Department   of  Zoology,   University   of   Michigan, 
Ann  Arbor,  Michigan. 

BROWNELL,  DR.  KATHERINE  A.,  Ohio  State  University,  Columbus,  Ohio. 

BUCK,  DR.  JOHN  B.,  Laboratory  of  Physical  Biology,  National  Institutes  of  Health, 
Bethesda,  Md. 

BUCKINGHAM,  Miss  EDITH  N.,  Sudbury,  Massachusetts. 

BULLINGTON,  DR.  W.  E.,  Randolph-Macon  College,  Ashland,  Virginia. 

BULLOCK,  DR.  T.  H.,  University  of  California,  Los  Angeles  24,  California. 

BURBANCK,  DR.  WILLIAM  D.,  Box  834,  Emory  University,  Georgia. 

BURDICK,  DR.  C.  LALOR,  The  Lalor  Foundation,  Lancaster  Pike  and  Old  Balti- 
more Road,  Wilmington,  Delaware. 

BURKENROAD,  DR.  M.  D.,  Institute  of  Marine  Science,  Port  Arkansas,  Texas. 

BUTLER,  DR.  E.  G.,  Princeton  University,  Princeton,  New  Jersey. 

CAMERON,  DR.  J.  A.,  Baylor  College  of  Dentistry,  Dallas,  Texas. 

CANNAN,    DR.    R.    K.,    National    Research    Council,    2101    Constitution   Avenue, 
N.W.,  Washington,  D.  C. 

CANTONI,  DR.  GIULIO,  Department  of  Pharmacology,  Western  Reserve  Univer- 
sity, Cleveland  9,  Ohio. 

CARLSON,    DR.    A.    J.,    Department   of    Physiology,    The    University   of    Chicago, 
Chicago  37,  Illinois. 

CAROTHERS,  DR.  E.  ELEANOR,  134  Avenue  C.,  East  Kingman,  Kansas. 

CARPENTER,  DR.  RUSSELL  L.,  Tufts  College,  Medford  55,  Massachusetts. 

CARSON,  Miss  RACHEL,  204  Williamsburg  Drive,   Silver  Spring,  Maryland. 

CARVER,  DR.  GAIL  L.,  Mercer  University,  Macon,  Georgia. 

CATTELL,  DR.  McKEEN,  Cornell  University  Medical  College,  1300  York  Avenue, 
New  York  City,  N.  Y. 

CATTELL,  MR.  WARE,  Cosmos  Club,  Washington  5,  D.  C. 

CHAMBERS,  DR.  EDWARD,  Dept.  of  Anatomy,  Univ.  of  Oregon  Medical  School, 
Portland,  Ore. 

CHAMBERS,  DR.  ROBERT,  University  Club,  Portland,  Oregon. 

CHARLES,   DR.   DONALD  R.,   Dept.   of  Zoology,   Division  of  Biological   Sciences, 
University  of  Rochester,  Rochester  3,  New  York. 

CHASE,  DR.  AURIN  M.,  Department  of  Biology,  Princeton  University,  Princeton, 
New  Jersey. 

CHENEY,  DR.   RALPH  H.,  Biology  Department,  Brooklyn  College,  Brooklyn   10, 
New  York. 

CHILD,  DR.  C.  M.,  Jordan  Hall,  Stanford  University,  Stanford,  California. 

CHURNEY,  DR.  LEON,  Dept.  of  Physiology,  Louisiana  State  University  School  of 
Medicine,  New  Orleans,  La. 

CLAFF,  MR.  C.  LLOYD,  5  Van  Real  Road,  Randolph,  Massachusetts. 

CLARK,    OR.   A.   M.,   Department  of  Biology,   University  of   Delaware,    Newark, 
Delaware. 

CLARK,  !)R.  E.  R.,  The  Wistar  Inst.,  Woodland  Avenue  and  36th  Street,  Phila- 
delphia 4,  Penn. 

CLARK,   DR.  LEONARD  B.,  Department  of  Biology,  Union   College,   Schenectady, 
New  York. 
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CLARKE,  DR.  GEORGE  L.,  Harvard  University,  Biological  Laboratory,  Cambridge 
38,  Massachusetts. 

CLELAND,  DR.  RALPH  E.,  Indiana  University,  Bloomington,  Indiana. 

CLEMENT,  DR.  A.  C.,  Department  of  Biology,  Emory  University,  Emory,  Georgia 

CLOWES,  DR.  G.  H.  A.,  Eli  Lilly  and  Company,  Indianapolis,  Indiana. 

COE,  DR.  W.  R.,  Scripps  Institute  of  Oceanography,  La  Jolla,  California. 

COHEN,  DR.   SEYMOUR  S.,  Dept.  of  Physiological  Chemistry,  Univ.  of  Pennsyl- 
vania, Philadelphia,  Penn. 

COHN,  DR.  EDWIN  J.,  183  Brattle  Street,  Cambridge  38,  Massachusetts. 

COLE,  DR.  ELBERT  C.,  Department  of  Biology,  Williams  College,  Williamstown, 
Massachusetts. 

COLE,  DR.  KENNETH  S.,  Naval  Medical  Research  Institute,  Bethesda  14,  Mary- 
land. 

COLLETT,  DR.  MARY  E.,  Western  Reserve  University,  Mather  College,  Cleveland, 
Ohio. 

COLTON,  DR.  H.  S.,  Box  601,  Flagstaff,  Arizona. 

COLWIN,   DR.   ARTHUR   L.,   Department  of   Biology,   Queens   College,   Flushing, 
New  York. 

COLWIN,  DR.  LAURA  H.,  Department  of  Biology,  Queens  College,  Flushing,  New 
York. 

COOPER,  DR.  KENNETH  W.,  Department  of  Biology,  Univ.  of  Rochester,  Rochester  3, 
New  York. 

COOPERSTEIN,  DR.  SHERWIN  J.,  Department  of  Anatomy,  Western  Reserve  Uni- 
versity Medical  School,  Cleveland,  Ohio. 

COPELAND,  DR.  D.  E.,  1027  N.  Manchester  Street,  Arlington  5,  Virginia. 

COPELAND,  DR.  M ANTON,  Bowdoin  College,  Brunswick,  Maine. 

COPLEY,  DR.  ALFRED  L.,  Charge  de  Recherches,  Laboratoires  de  Recherches,  Cen- 
tral International  de  L'Enfance,  Chateande  Longchamp,  Paris,  France. 

CORNMAN,  DR.  IVOR,  George  Washington  University,  Warwick  Memorial  Clinic, 
1339  H  Street,  N.  W.,  Washington  5,  D.  C. 

COSTELLO,    DR.    DONALD    P.,    Dept.    of   Zoology,   University   of    North    Carolina, 
Chapel  Hill,  N.  C. 

COSTELLO,  DR.  HELEN  MILLER,  Dept.  of  Zoology,  University  of  North  Carolina, 
Chapel  Hill,  N.  C. 

CRAMPTON,  DR.  H.  E.,  American  Museum  of  Natural  History,  New  York  City, 
New  York. 

CRANE,  MR.  JOHN  O.,  Woods  Hole,  Massachusetts. 

CRANE,  MRS.  W.  MURRAY,  Woods  Hole,  Massachusetts. 

CROASDALE,  DR.  HANNAH  T.,  Dartmouth  College,  Hanover,  New  Hampshire. 

CROUSE,  DR.  HELEN  V.,  Goucher  College,  Baltimore,  Maryland. 

CROWELL,  DR.  P.  S.,  JR.,  Department  of  Zoology,  Indiana  University,  Blooming- 
ton,  Indiana. 

CURTIS,  DR.  MAYNIE  R.,  University  of  Miami,  Box  1015,  South  Miami,  Florida. 

CURTIS,  DR.  W.  C.,  University  of  Missouri,  Columbia,  Missouri. 

DAN,  DR.  KATSUMA,  Misaki  Biological  Station,  Misaki,  Japan. 

DANIELLI,  DR.  JAMES  F.,  Department  of  Zoology,  King's  College,  London,  Eng- 
land. 
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DAWSON,  DR.  A.  B.,  Harvard  University,  Cambridge,  Massachusetts. 

DAWSON,  DR.  J.  A.,  The  College  of  the  City  of  New  York,  New  York  City,  New 
York. 

DEDERER,  DR.  PAULINE  H.,  Connecticut  College,  New  London,  Connecticut. 

DEMEREC,  DR.   M.,   Carnegie  Inst.  of  Washington,   Cold   Spring  Harbor,   Long 
Island,  New  York. 

DILLER,  DR.  IRENE  C,  Institute  for  Cancer  Research,  Philadelphia,  Pennsylvania. 

DILLER,  DR.  WILLIAM  F.,  2417  Fairhill  Avenue,  Glenside,  Pennsylvania. 

DODDS,  DR.  G.  S.,  School  of  Medicine,  West  Virginia  University,  Morgantown, 
West  Virginia. 

DOLLEY,  DR.  WILLIAM  L.,  University  of  Buffalo,  Buffalo  14,  New  York. 

DONALDSON,  DR.  JOHN  C.,  University  of  Pittsburgh  School  of  Medicine,  Pitts- 
burgh, Pennsylvania. 

DOTY,  DR.  MAXWELL  S.,  Department  of  Biology,  University  of  Hawaii,  Honolulu, 
T.  H. 

DRINKER,  DR.  CECIL  K.,  Box  502,  Falmouth,  Massachusetts. 

DuBois,  DR.   EUGENE  F.,  Cornell  Univ.   Medical  College,   1300  York  Avenue, 
New  York  City,  N.  Y. 

DUGGAR,  DR.  BENJAMIN  M.,  Lederle  Laboratories,  Inc.,  Pearl  River,  New  York. 

DURYEE,  DR.  WILLIAM  R.,  Carnegie  Inst.,  5241  Broad  Branch  Road,  Washing- 
ton 15,  D.  C. 

EDDS,  DR.  MAC  V.,  JR.,  Department  of  Biology,  Brown  University,  Providence, 
Rhode  Island. 

EICHEL,  DR.  BERTRAM,  Bureau  of  Biological  Research,  Box  515,  Rutgers  Uni- 
versity, New  Brunswick,  N.  J. 

ELLIOTT,  DR.  ALFRED  M.,  Department  of  Zoology,  University  of  Michigan,  Ann 
Arbor,  Michigan. 

EVANS,  DR.  TITUS  C.,  State  University  of  Iowa,  Iowa  City,  Iowa. 

FAILLA,  DR.  G.,  College  of  Physicians  and  Surgeons,  New  York  City,  New  York. 

FAURE-FREMIET,  DR.  EMMANUEL,  College  de  France,  Paris,  France. 

FERGUSON,  DR.  F.  P.,  Department  of  Physiology,  University  of  Maryland  Med- 
ical School,  Baltimore  1,  Md. 

FERGUSON,  DR.  JAMES  K.  W.,  Department  of  Pharmacology,  University  of  To- 
ronto, Ontario,  Canada. 

FIGGE,   DR.   F.   H.   J.,   University   of   Maryland,    Medical    School,   Lombard   and 
Green  Streets,  Baltimore  1,  Maryland. 

FINGERMAN,  DR.  MILTON,  42  Brentwood  Ave.,  Newton  Center  59,  Mass. 

FISCHER,  DR.   ERNST,  Dept.  of  Physiology,   Medical   College  of  Virginia,   Rich- 
mond 19,  Virginia. 

FISHER,   DR.  JEANNE   M.,  Department  of  Biochemistry,  University  of  Toronto, 

Toronto,  Canada. 

FISHER,  DR.  KENNETH   C.,  Department  of  Biology,  University  of  Toronto,  To- 
ronto, Canada. 
FORBES,  DR.  ALEXANDER,  Biological  Laboratories,  Harvard  University,  Divinity 

Avenue,  Cambridge,  Massachusetts. 

FRAENKKL,  DR.  GOTTFRIED  S.,  Dept.  of  Entomology,  University  of  Illinois,  Urhana. 
Illinois. 
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FRIES,  DR.  ERIK  F.  B.,  Department  of  Biology,  City  College  of  New  York,  New 

York  City,  N.  Y. 

FRISCH,  DR.  JOHN  A.,  Canisius  College,  Buffalo,  New  York. 
FURTH,  DR.  JACOB,  201  Delaware  Avenue,  Oak  Ridge,  Tennessee. 
GABRIEL,   DR.   MORDECAI,   Department   of   Biology,   Brooklyn   College,   Brooklyn, 

New  York. 
GAFFRON,  DR.  HANS,  Department  of  Biochemistry,  University  of  Chicago,  Chicago 

37,  Illinois. 

GALTSOFF,  DR.  PAUL  S.,  Woods  Hole,  Massachusetts. 
GASSER,  DR.  HERBERT  S.,  Director,  Rockefeller  Institute,  New  York  City,  New 

York. 
GATES,    DR.    REGINALD   R.,    Museum   of   Comparative   Zoology,    Oxford    Street, 

Cambridge  38,  Mass. 

GEISER,  DR.  S.  W.,  Southern  Methodist  University,  Dallas,  Texas. 
GERARD,  DR.  R.  W.,  Illinois  Neuropsychiatric  Inst.,  Chicago  12,  Illinois. 
GILMAN,  DR.   LAUREN  C.,  Department  of  Zoology,  University  of  Miami,  Coral 

Gables,  Florida. 
GOODCHILD,  DR.  CHAUNCEY  G.,  Department  of  Biology,  Emory  University,  Emory 

University,  Georgia. 

GOODRICH,  DR.  H.  B.,  Wesleyan  University,  Middletown,  Connecticut. 
GOTTSCHALL,  DR.  GERTRUDE  Y.,  315  E.  68th  Street,  New  York  21,  New  York. 
GOULD,  DR.  H.  N.,  Medical  Sciences  Information  Exchange,  1113  Dupont  Circle 

Bldg.,  Washington,  D.  C. 
GRAHAM,  DR.  HERBERT  W.,  Director  Woods  Hole  Laboratory,  Fish  &  Wild  Life 

Service,  Woods  Hole,  Mass. 

GRAND,  MR.  C.  G.,  Dade  County  Cancer  Inst.,  1155  N.W.  15  St.,  Miami,  Florida. 
GRANT,  DR.  M.  P.,  Sarah  Lawrence  College,  Bronxville,  New  York. 
GRAY,  DR.  IRVING  E.,  Duke  University,  Durham,  North  Carolina. 
GREEN,   DR.   JAMES   W.,   Department   of   Physiology,    Rutgers   University,    New 

Brunswick,  New  Jersey. 

GREGORY,  DR.  LOUISE  H.,  1160  Fifth  Avenue,  New  York  City,  New  York. 
GREGG,  DR.  J.  R.,  Department  of  Zoology,  Columbia  University,  New  York  27, 

New  York. 

GROSCH,  DR.  DANIEL  S.,  Division  of  Biological  Sciences,  Genetics,  North  Caro- 
lina State  College,  Raleigh,  N.  C. 
GRUNDFEST,  DR.  HARRY,  College  of  Physicians  &  Surgeons,  Columbia  University, 

New  York  City. 

GUDERNATSCH,  DR.  FREDERICK,  41  Fifth  Avenue,  New  York  3,  New  York. 
GUTHRIE,  DR.  MARY  J.,  Detroit  Inst.  for  Cancer  Research,  4811  John  R  Street, 

Detroit  1,  Mich. 
GUTTMAN,   DR.   RITA,   Department   of   Physiology,   Brooklyn   College,   Brooklyn, 

New  York. 

GUYER,  DR.  MICHAEL  F.,  University  of  Wisconsin,  Madison,  Wisconsin. 
HAGUE,  DR.  FLORENCE,  Sweet  Briar  College,  Sweet  Briar,  Virginia. 
HAJDU,  DR.  STEPHEN,  Research  Associate,  Institute  for  Muscle  Research,  Woods 

Hole,  Mass. 
HALL,  DR.  FRANK  G.,  Duke  University,  Durham,  North  Carolina. 


36  MARINE  BIOLOGICAL  LABORATORY 

HAMBURGER,  DR.  VIKTOR,  Department  of  Zoology,  Washington  University,  St. 
Louis,  Missouri. 

HAMILTON,  DR.  HOWARD  L.,  Iowa  State  College,  Ames,  Iowa. 

HANCE,  DR.  ROBERT  T.,  Box  108,  R.  R.  No.  3,  Loveland,  Ohio. 

HARMAN,  DR.  MARY  T.,  Kansas  State  Agricultural  College,  Manhattan,  Kansas. 

HARNLY,  DR.  MORRIS  H.,  Washington  Square  College,  New  York  University, 
New  York  City,  N.  Y. 

HARRISON,  DR.  Ross  G.,  Yale  University,  New  Haven,  Connecticut. 

HARTLINE,  DR.  H.  KEFFER,  215  Mergenthaler  Hall,  Johns  Hopkins  University, 
Baltimore  18,  Md. 

HARTMAN,  DR.  FRANK  A.,  Hamilton  Hall,  Ohio  State  University,  Columbus,  Ohio. 

HARVEY,  DR.  ETHEL  BROWNE,  48  Cleveland  Lane,  Princeton,  New  Jersey. 

HARVEY,  DR.  E.  NEWTON,  Guyot  Hall,  Princeton  University,  Princeton,  New 
Jersey. 

HAUSCHKA,  DR.  T.  S.,  Inst.  for  Cancer  Research,  Experimental  Zoology,  Fox 
Chase,  Philadelphia  11,  Pennsylvania. 

HAXO,  DR.  FRANCIS  T.,  Division  of  Marine  Botany,  Scripps  Institution  of  Ocean- 
ography, La  Jolla,  California. 

HAYASHI,  DR.  TERU,  Columbia  University,  New  York  City,  New  York. 

HAYDEN,  DR.  MARGARET  A.,  34  Weston  Road,  Wellesley  81,  Massachusetts. 

HAYES,  DR.  FREDERICK  R.,  Zoology  Laboratory,  Dalhousie  University,  Halifax, 
Nova  Scotia. 

HAYWOOD,  DR.  CHARLOTTE,  Mount  Holyoke  College,  South  Hadley,  Massachu- 
setts. 

HEILBRUNN,  DR.  L.  V.,  Dept.  of  Zoology,  University  of  Pennsylvania,  Philadel- 
phia, Pennsylvania. 

HENDLEY,  DR.  CHARLES  D.,  Dept.  of  Experimental  Neurology,  Tulane  Uni- 
versity, New  Orleans,  La. 

HENLEY,  DR.  CATHERINE,  Dept.  of  Zoology,  University  of  North  Carolina,  Chapel 
Hill,  N.  C. 

HENSHAW,  DR.  PAUL  S.,  17th  Floor,  501  Madison  Avenue,  New  York  22,  New 
York. 

HESS,  DR.  WALTER  N.,  Hamilton  College,  Clinton,  New  York. 

HIBBARD,  DR.  HOPE,  Department  of  Zoology,  Oberlin  College,  Oberlin,  Ohio. 

HILL,  DR.  SAMUEL,  135  Brunswick  Road,  Troy,  New  York. 

HINRICHS,  DR.  MARIE,  Women's  Gym,  University  of  Illinois,  Urbana,  Illinois. 

HISAW,  DR.  F.  L.,  Harvard  University,  Cambridge,  Massachusetts. 

HOADLEY,  DR.  LEIGH,  Harvard  University  Biological  Laboratories,  Cambridge, 
Massachusetts. 

HOBER,  DR.  RUDOLF,  5037  Larchwood  Avenue,  Philadelphia  43,  Pennsylvania. 

MODES,  DR.  ROBERT,  R.F.D.  Telford,  Pennsylvania. 

HODGE,  DR.  CHARLES,  IV,  Temple  University,  Department  of  Zoology,  Phila- 
delphia, Pennsylvania. 

HOGUK,  DR.  MARY  J.,  University  of  Pennsylvania  Medical  School,  Philadelphia, 
Pennsylvania. 

HOLLAKXDER,  DR.  ALEXANDER,  P.  O.  Box  \V.,  Clinton  Laboratories,  Oak  Ridge, 
Tennessee. 
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HOPKINS,  DR.  DVVIGHT  L.,  Univ.  of  Illinois,  Pier  Branch,  Navy  Pier,  Division 

of  Biological  Sciences,  Chicago,  Illinois. 
HOPKINS,  DR.  HOYT  S.,  New  York  University  College  of  Dentistry,  New  York 

City,  New  York. 
HUNTER,  DR.  FRANCIS  R.,  Department  of  Physiology,  Florida  State  University, 

Tallahassee,  Florida. 
HUTCHENS,  DR.  JOHN  O.,  Dept.  of  Physiology,  University  of  Chicago,  Chicago 

37,  Illinois. 
HYMAN,  DR.  LIBBIE  H.,  American  Museum  of  Natural  History,  New  York  City, 

New  York. 

IRVING,  DR.  LAURENCE,  U.  S.  Public  Health  Service,  Anchorage,  Alaska. 
ISELIN,  MR.  COLUMBUS  O'D.,  Woods  Hole,  Massachusetts. 
JACOBS,  DR.  M.  H.,  School  of  Medicine,  University  of  Pennsylvania,  Philadelphia, 

Pennsylvania. 
JENNER,  DR.  CHARLES  E.,  Dept.  of  Zoology,  University  of  North  Carolina,  Chapel 

Hill,  N.  C. 

JENKINS,  DR.  GEORGE  B.,  5339-42  Street,  N.  W.,  Washington  15,  D.  C. 
JOHLIN,  DR.  J.  M.,  1576  Harris  Circle,  Winter  Park,  Florida. 

JONES,  DR.  E.  RUFFIN,  JR.,  Biology  Department,  University  of  Florida,  Gaines- 
ville, Florida. 
KAAN,    DR.    HELEN   W.,    National    Heart    Inst.,    National    Institutes    of    Health, 

Bethesda  14,  Maryland. 
KABAT,  DR.  E.  A.,  Neurological  Inst.,  College  of  Physicians  and  Surgeons,  New 

York  City,  N.  Y. 
KARUSH,  DR.  FRED,  Dept.  of  Pediatrics,  University  of  Pennsylvania,  Philadelphia, 

Pennsylvania. 
KAUFMAN,   DR.   B.    P.,    Carnegie    Institute,   Cold    Spring   Harbor,   Long   Island, 

New  York. 

KEMPTON,  DR.  RUDOLF  T.,  Vassar  College,  Poughkeepsie,  New  York. 
KETCHUM,  DR.  BOSTWICK,  Woods  Hole  Oceanographic  Inst.,  Woods  Hole,  Mass. 
KILLE,  DR.  FRANK  R.,  Carleton  College,  Northfield,  Minnesota. 
KIND,    DR.    C.    ALBERT,    Department    of    Chemistry,    University    of    Connecticut, 

Storrs,  Connecticut. 

KINDRED,  DR.  J.  E.,  University  of  Virginia,  Charlottesville,  Virginia. 
KING,  DR.  ROBERT  L.,  State  University  of  Iowa,  Iowa  City,  Iowa. 
KISCH,  DR.  BRUNO,  845  West  End  Ave.,  New  York  City,  N.  Y. 
KLEINHOLZ,   DR.    LEWIS   H.,   Department   of   Biology,    Reed    College,    Portland, 

Oregon. 
KLOTZ,  DR.  I.  M.,  Department  of  Chemistry,  Northwestern  University,  Evanston, 

Illinois. 

KNOWLTON,  DR.  F.  P.,  1356  Westmoreland  Avenue,  Syracuse,  New  York. 
KOPAC,  DR.  M.  J.,  New  York  University,  Washington  Square  College,  New  York 

City,  New  York. 
KORR,  DR.  IRWIN  M.,  Dept.  of  Physiology,  Kirksville  College  of  Osteopathy  and 

Surgery,  Kirksville,  Missouri. 

KRAHL,  DR.  M.  E.,  Dept.  of  Physiology,  University  of  Chicago,  Chicago  37,  Illinois. 
KREIG,  DR.  WENDELL  J.  S.,  303  East  Chicago  Avenue,  Chicago,  Illinois. 
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KUFFLER,  DR.  STEPHEN,  Dept.  of  Ophthalmology,  Johns  Hopkins  Hospital, 
Baltimore  5,  Maryland. 

KUNITZ,  DR.  MOSES,  Rockefeller  Institute,  Princeton,  New  Jersey. 

LACKEY,  DR.  JAMES  B.,  Univ.  of  Florida,  Dept.  Civil  Engineering,  Gainesville,  Fla. 

LANCEFIELD,  DR.  D.  E.,  Queens  College,  Flushing,  New  York. 

LANCEFIELD,  DR.  REBECCA  C,  Rockefeller  Inst,  66th  St.  and  York  Ave.,  New 
York  City,  New  York. 

LANDIS,  DR.  E.  M.,  Harvard  Medical  School,  Boston  15,  Massachusetts. 

LANGE,  DR.  MATHILDA  M.,  Box  307,  Central  Valley,  New  York. 

LANSING,  DR.  ALBERT  I.,  Department  of  Anatomy,  Washington  University,  St. 
Louis  10,  Missouri. 

LAVIN,  DR.  GEORGE  I.,  Rockefeller  Inst.  for  Medical  Research,  New  York  City, 
New  York. 

LAZAROW,  DR.  ARNOLD,  Western  Reserve  University  School  of  Medicine,  Cleve- 
land 6,  Ohio. 

LEE,  DR.  RICHARD  E.,  Cornell  University  College  of  Medicine,  New  York  City, 
New  York. 

LEFEVRE,  DR.  PAUL  G.,  Division  of  Biology  &  Medicine,  U.  S.  Atomic  Energy 
Commission,  Washington  25,  D.  C. 

LESSLER,  DR.  MILTON  L.,  Department  of  Physiology,  Ohio  State  University, 
Columbus,  Ohio. 

LEVY,  DR.  MILTON,  Chemistry  Dept.,  New  York  University  School  of  Medicine, 
New  York  City,  N.  Y. 

LEWIS,  DR.  I.  F.,  University  of  Virginia,  Charlottesville,  Virginia. 

LITTLE,  DR.  E.  P.,  828  Washington  Ave.,  Fairborn,  Ohio. 

LOCHHEAD,  DR.  JOHN  H.,  Department  of  Zoology,  University  of  Vermont,  Burl- 
ington, Vermont. 

LOEB,  DR.  LEO,  40  Crestwood  Drive,  St.  Louis  5,  Missouri. 

LOEB,  DR.  R.  F.,  180  Fort  Washington  Avenue,  New  York  City,  New  York. 

LOEWI,  DR.  OTTO,  155  East  93rd  Street,  New  York  City,  New  York. 

LOVE,  DR.  Lois  H.,  4253  Regent  Street,  Philadelphia  4,  Pennsylvania. 

LUCRE,  DR.  BALDUIN,  University  of  Pennsylvania,  Philadelphia  4,  Pennsylvania. 

LYNCH,  DR.  CLARA  J.,  Rockefeller  Inst.,  66th  Street  and  York  Avenue,  New 
York  City,  New  York. 

LYNCH,  DR.  RUTH  STOCKING,  Dept.  of  Botany,  University  of  California,  Los 
Angeles  24,  California. 

LYNN,  DR.  WILLIAM  G.,  Dept.  Biology,  Catholic  University  of  America,  Wash- 
ington, D.  C. 

MACDOUGAL,  DR.  MARY  S.,  Mt.  Vernon  Apts.,  423  Clairmont  Avenue,  Decatur, 
Georgia. 

McCoucH,  DR.  MARGARET  SUMWALT,  University  of  Pennsylvania  Medical  School, 
Philadelphia,  Penn. 

MCDONALD,  SISTER  ELIZABETH  SETON,  Dept.  of  Biology,  College  of  Mt.  St. 
Joseph,  Mt.  St.  Joseph,  Ohio. 

MCDONALD,  DR.  MARGARET  H.,  Carnegie  Inst.  of  Washington,  Cold  Spring  Har- 
bor, Long  Island,  N.  Y. 

MCGREGOR,  DR.  J.  H.,  Columbia  University,  New  York  City,  New  York. 
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MACKLIN,  DR.  CHARLES  C.,  School  of  Medicine,  University  of  Western  Ontario, 

London,  Canada. 

MAGRUDER,  DR.  SAMUEL  R.,  Dept.  of  Anatomy,  Tufts  Medical  School,  136  Harri- 
son Ave.,  Boston,  Mass. 

MALONE,  DR.  E.  F.,  153  Cortland  Avenue,  Winter  Park,  Florida. 
MANWELL,  DR.  REGINALD  D.,  Syracuse  University,  Syracuse,  New  York. 
MARMONT,  DR.  GEORGE  H.,  4408  Via  Azalea,  Palos  Verdes  Estates,  Los  Angeles, 

California. 

MARSHAK,  DR.  A.,  Woods  Hole,  Mass. 
MARSLAND,  DR.  DOUGLAS  A.,  Washington  Square  College,  New  York  University, 

New  York  City,  N.  Y. 
MARTIN,   DR.   EARL  A.,   Department   of   Biology,   Brooklyn   College,    Brooklyn, 

New  York. 

MATHEWS,  DR.  A.  P.,  Woods  Hole,  Massachusetts. 
MATTHEWS,  DR.  SAMUEL  A.,  Thompson  Biological  Laboratory,  Williams  College, 

Williamstown,  Mass. 

MAYOR,  DR.  JAMES  W.,  8  Gracewood  Park,  Cambridge  58,  Massachusetts. 
MAZIA,  DR.  DANIEL,  University  of  California,  Department  of  Zoology,  Berkeley 

4,  California. 

MEDES,  DR.  GRACE,  Lankenau  Research  Institute,  Philadelphia,  Pennsylvania. 
MEIGS,  MRS.  E.  B.,  1736  M  Street  N.W.,  Washington,  D.  C. 
MEMHARD,  MR.  A.  R.,  Riverside,  Connecticut. 
MENKIN,  DR.   VALY,   Dept.   of   Surgical   Research,   Temple   University   Medical 

School,  Philadelphia,  Penn. 
METZ,  DR.  C.  B.,  Dept.  of  Zoology,  University  of  North  Carolina,  Chapel  Hill, 

N.  C. 

METZ,  DR.  CHARLES  W.,  University  of  Pennsylvania,  Philadelphia,  Pennsylvania. 
MILLER,  DR.  J.  A.,  Basic  Science  Building,  Emory  University,  Georgia. 
MILNE,  DR.  LORUS  J.,  Dept.  of  Zoology,  University  of  New  Hampshire,  Durham, 

New  Hampshire. 
MINNICH,  DR.  D.  E.,  Dept.  of  Zoology,  University  of  Minnesota,   Minneapolis 

14,  Minnesota. 

MITCHELL,  DR.  PHILIP  H.,  1414  Grove  Terrace,  Winter  Park,  Florida. 
MOE,  MR.  HENRY  A.,  Secretary  General,  Guggenheim  Memorial  Foundation,  551 

Fifth  Ave.,  New  York  17,  New  York. 

MOORE,  DR.  CARL  R.,  University  of  Chicago,  Chicago  37,  Illinois. 
MOORE,  DR.  GEORGE  M.,  Department  of  Zoology,  University  of  New  Hampshire, 

Durham,  N.  H. 
MOUL,  DR.  E.  T.,  Dept.  of  Botany,  Rutgers  University,  New  Brunswick,  New 

Jersey. 

MOUNTAIN,  MRS.  J.  D.,  9  Coolidge  Avenue,  White  Plains,  New  York. 
MULLER,  DR.  H.  J.,  Department  of  Zoology,   Indiana  University,   Bloomington, 

Indiana. 

NABRIT,  DR.  S.  M.,  Atlanta  University,  Morehouse  College,  Atlanta,  Georgia. 
NACHMANSOHN,  DR.  D.,  College  of  Physicians  and  Surgeons,  New  York  City, 

New  York. 
NAVEZ,  DR.  ALBERT  E.,  206  Churchill's  Lane,  Milton  86,  Massachusetts. 
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NEUBERG,  DR.  CARL,  11  E.  74th  Street,  New  York  21,  New  York. 

NEURATII.  DR.   IF.,  Dept.  of  Biochemistry,  University  of  Washington,   Seattle  5, 
Washington. 

NEWMAN,  DR.  H.  H.,  173  Devon  Drive,  Clearwater,  Florida. 

NICOLL,  DR.  PAUL  A.,  Department  of  Physiology,  Indiana  University,  Blooming- 
ton,  Indiana. 

NORTHROP,  DR.  JOHN  H.,  Dept.  of  Bacteriology,  University  of  California,  Berke- 
ley 4,  California. 

OCIIOA,  DR.  SEVERO,  New  York  University  College  of  Medicine,  New  York  16, 
New  York. 

OPPENHEIMER,  DR.  JANE  M.,  Dept.  of  Biology,  Bryn  Mawr  College,  Bryn  Mawr, 
Pennsylvania. 

OSBURN,  DR.  R.  C,  Botany-Ecology  Bldg.,  Ohio  State  University,  Columbus  10, 
Ohio. 

OSTER,  DR.  ROBERT  H.,  University  of  Maryland  School  of  Medicine,  Baltimore 
1,  Maryland. 

OSTERHOUT,  DR.  W.  J.  V.,  Rockefeller  Inst.,  66th  Street  and  York  Avenue,  New 
York  City,  N.  Y. 

OSTERHOUT,   MRS.   MARION   IRWIN,   Rockefeller   Inst.,  66th   St.   and  York   Ave., 
New  York  City,  N.  Y. 

PACKARD,  DR.  CHARLES,  Woods  Hole,  Massachusetts. 

PAGE,  DR.  IRVINE  H.,  Cleveland  Clinic,  Cleveland,  Ohio. 

PAPPENHEIMER,  DR.  A.  M.,  45  Holden  Street,  Cambridge,  Massachusetts. 

PARKER,  DR.  G.  H.,  Harvard  University,  Cambridge,  Massachusetts. 

PARMENTER,   DR.    CHARLES   L.,   Dept.   of   Zoology,   University   of   Pennsylvania, 
Philadelphia,  Penn. 

PARPART,  DR.  ARTHUR  K.,  Department  of  Biology,  Princeton  University,  Prince- 
ton, New  Jersey. 

PATTEN,  DR.  BRADLEY  M.,  University  of  Michigan  Medical  School,  Ann  Arbor 
Michigan. 

PEEBLES,  DR.  FLORENCE,  380  Rosemont  Avenue,  Pasadena  3,  California. 

PERKINS,  DR.  JOHN  F.,  Dept.  of  Physiology,  University  of  Chicago,  Chicago  37, 
Illinois. 

PETTIBONE,  DR.  MARIAN  H.,  Dept.  of  Zoology,  Univ.  of  New  Hampshire,  Durham, 
New  Hampshire. 

PIERCE,  DR.  MADELENE  E.,  Vassar  College,  Poughkeepsie,  New  York. 

PLOUGH,  DR.  HAROLD  H.,  Amherst  College,  Amherst,  Massachusetts. 

POLLISTER,  DR.  A.  W.,  Columbia  University,  New  York  City,  New  York. 

POND,  DR.  SAMUEL  E.,  53  Alexander  Street,  Manchester,  Connecticut. 

PRATT,  DR.  FREDERICK  II.,   105  Hundreds  Road,  Wellesley  Hills  82,   Massachu- 
setts. 

I'KOCTOR,  DR.  NATHANIEL  K..  Dept.  of  Biology,  Morgan  State  College.  Baltimore  12, 
Maryland. 

PROSSER,  DR.  C.  LADD,  401  Natural  History  Bldg.,  University  of  Illinois,  Urbana, 
Illinois. 

PROVASOLI,  DR.   LUIGI,  Dept.  of  Biology,  Haskins  Laboratory,  305   E.  43   St., 
New  York  17,  New  York. 
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QUASTEL,  DR.  JUDA  H.,  Department  of  Biochemistry,  McGill  University,  Montreal, 

Canada. 
RAMSEY,   DR.    ROBERT   W.,   University   of   Virginia   Medical    School,    Richmond, 

Virginia. 

RAND,  DR.  HERBERT  W.,  7  Siders  Pond  Road,  Falmouth,  Massachusetts. 
RANKIN,  DR.  JOHN  S.,  Department  of  Zoology,  University  of  Connecticut,  Storrs, 

Connecticut. 

REDFIELD,  DR.  ALFRED  C.,  Woods  Hole,  Massachusetts. 
REID,  DR.  W.  M.,  Monmouth  College,  Monmouth,  Illinois. 
REINER,  DR.    J.   M.,  Columbia-Presbyterian   Medical  Center,  622  West   168   St., 

New  York  32,  N.  Y. 

RENN,  DR.  CHARLES  E.,  200  Whitehead  Hall,  Johns  Hopkins  University,  Balti- 
more, Maryland. 
REZNIKOFF,  DR.  PAUL,  Cornell  University  Medical  College,  1300  York  Avenue, 

New  York  City,  N.  Y. 

RICE,  DR.  E.  L.,  2241   Seneca  Avenue,  Alliance,  Ohio. 
RICHARDS,  DR.  A.,  2950E  Mabel  Street,  Tucson,  Arizona. 
RICHARDS,  DR.  A.   GLENN,   Entomology   Dept.,  University  Farm,  University  of 

Minnesota,  St.  Paul,  Minnesota. 

RICHARDS,  DR.  OSCAR  W.,  American  Optical  Company,  Research  Center,  South- 
bridge,  Mass. 

RIESER,  DR.  PETER,  Department  of  Zoology,  University  of  Pennsylvania,   Phila- 
delphia 4,  Pa. 

ROGICK,  DR.  MARY  D.,  College  of  New  Rochelle,  New  Rochelle,  New  York. 
ROMER,  DR.  ALFRED  S.,  Harvard  University,  Museum  of  Comparative  Zoology, 

Cambridge,  Mass. 
RONKIN,  DR.  RAPHAEL  R.,  Department  of  Physiology,  University  of  Delaware, 

Newark,  Delaware. 
ROOT,  DR.  R.  W.,  Department  of  Biology,  College  of  the  City  of  New  York,  New 

York  City,  N.  Y. 
ROOT,  DR.  W.  C.,  Columbia  University,  College  of  Physicians  and  Surgeons,  Dept. 

of  Physiology,  New  York  City,  New  York. 
ROSE,  DR.  S.  MERYL,  Department  of  Zoology,  University  of  Illinois,  Champaign, 

Illinois. 

ROSENTHAL,  DR.  THEODORE  B.,  Washington  University,  St.  Louis  10,  Missouri. 
Rossi,  DR.  HAROLD  H.,  Department  of  Radiology,  Columbia  University,  New  York 

32,  New  York. 
ROTH,  DR.  JAY   S.,   Department  of  Biochemistry,   Hahnemann   Medical   College, 

Philadelphia  2,  Penn. 
ROTHENBERG,  DR.  M.  A.,  Chief,  Biochemistry  Branch,  C.  W.  Division,  Duguay 

Proving  Ground,  Tooele,  Utah. 
RUGH,   DR.   ROBERTS,   Radiological   Research   Laboratory,   College   of   Physicians 

and  Surgeons,  New  York  City,  New  York. 

RUNNSTROM,  DR.  JOHN,  Wenner-Grens  Institute,  Stockholm,  Sweden. 
RYAN,  DR.  FRANCIS  J.,  Columbia  University,  New  York  City,  New  York. 
SAMPSON,  DR.  MYRA  M.,  Smith  College,  Northampton,   Massachusetts. 
SANDEEN,   DR.   MURIEL  I.,   Department   of  Zoology,   Duke   University,   Durham, 

North  Carolina. 
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SAUNDERS,  MR.  LAWRENCE,  R.  D.  7,  Bryn  Mawr,  Pennsylvania. 

SCHAEFFER,  DR.  ASA  A.,  Biology  Department,  Temple  University,  Philadelphia, 
Pennsylvania. 

SCHARRER,  DR.  ERNST  A.,  Univ.  of  Colorado,  Dept.  of  Anatomy,  School  of  Medi- 
cine and  Hospital,  4200  E.  9th  Avenue,  Denver  7,  Colorado. 

SCHECHTER,  DR.  VICTOR,  College  of  the  City  of  New  York,   New  York  City, 
New  York. 

SCHMIDT,  DR.  L.  H.,  Christ  Hospital,  Cincinnati,  Ohio. 

SCHMITT,  DR.  FRANCIS  O.,  Dept.  of  Biology,  Massachusetts  Inst.  of  Technology, 
Cambridge,  Mass. 

SCHMITT,  DR.  O.  H.,  Physics  Department,  University  of  Minnesota,  Minneapolis 
14,  Minnesota. 

SCHOLANDER,  DR.  P.  F.,  Woods  Hole,  Massachusetts. 

SCHOTTE,   DR.    OSCAR   E.,    Department   of   Biology,    Amherst   College,   Amherst, 
Massachusetts. 

SCHRADER,  DR.  FRANZ,  Department  of  Zoology,  Columbia  University,  New  York 
City,  New  York. 

SCHRADER,  DR.   SALLY  HUGHES,  Dept.  of  Zoology,   Columbia  University,   New 
York  City,  New  York. 

SCHRAMM,  DR.  J.  R.,  University  of  Pennsylvania,  Philadelphia,  Pennsylvania. 

SCOTT,  DR.  ALLAN  C.,  Colby  College,  Waterville,  Maine. 

SCOTT,  SISTER  FLORENCE  M.,  Seton  Hill  College,  Greensburg,  Pennsylvania. 

SCOTT,  DR.  GEORGE  T.,  Oberlin  College,  Oberlin,  Ohio. 

SEARS,  DR.  MARY,  Woods  Hole  Oceanographic  Inst.,  Woods  Hole,  Mass. 

SEMPLE,  MRS.  R.  BOWLING,  1767  P  Street,  N.W.,  Washington,  D.  C. 

SEVERINGHAUS,  DR.  AURA  E.,  Dept.  of  Anatomy,  College  of  Physicians  and  Sur- 
geons, New  York  City. 

SHANES,  DR.  ABRAHAM  M.,  Experimental  Biology  and  Medicine  Inst.,  National 
Institutes  of  Health,  Bethesda  14,  Maryland. 

SHAPIRO,  DR.  HERBERT,  5800  N.  Camac  Street,  Philadelphia  41,  Pennsylvania. 

SHAVER,  DR.  JOHN  R.,  Department  of  Zoology,  University  of  Missouri,  Columbia, 
Missouri. 

SHUMWAY,  DR.  WALDO,  Stevens  Institute  of  Technology,  Hoboken,  New  Jersey. 

SICHEL,  DR.  FERDINAND  J.  M.,  University  of  Vermont,  Burlington,  Vermont. 

SICHEL,  MRS.  F.  J.  M.,  35  Henderson  Terrace,  Burlington,  Vermont. 

SILVA,  DR.  PAUL  C.,  Dept.  of  Botany,  University  of  Illinois,  Urbana,  Illinois. 

SLIFER,   DR.   ELEANOR   H.,   Department  of  Zoology,    State  University  of   Iowa, 
Iowa  City,  Iowa. 

SMITH,  DR.  DIETRICH  CONRAD,  Dept.  of  Physiology,  Univ.  of  Maryland  School 
of  Medicine,  Baltimore,  Maryland. 

SMITH,  DR.  EDWARD  H.,  Woods  Hole  Oceanographic  Institution,  Woods  Hole, 
Massachusetts. 

SMITH,  MR.  HOMER  P.,  General  Manager,  Marine  Biological  Laboratory,  Woods 
Hole,  Mass. 

SMITH,  DR.  RALPH  I.,  Department  of  Zoology,  University  of  California,  Berkeley 
4,  California. 

SONNEBORN,  DR.  T.  M.,  Department  of  Zoology,  Indiana  University,  Blooming- 
ton,  Indiana. 
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SONNENBLICK,  DR.  B.  P.,  40  Rector  Street,  Newark  2,  New  Jersey. 

SPEIDEL,  DR.  CARL  C,  University  of  Virginia,  University,  Virginia. 

SPRATT,  DR.  NELSON  T.,  Dept.  of  Zoology,  University  of  Minnesota,  Minneapolis 
14,  Minnesota. 

STARR,  DR.  RICHARD  C.,  Dept.  of  Botany,  Indiana  University,  Bloomington,  Indiana. 

STEINBACH,  DR.  HENRY  BURR,  6211  33rd  St.,  N.W.,  Washington,  D.  C. 

STEPHENS,  DR.  GROVER  C.,  Dept.  of  Zoology,  University  of  Minnesota,  Minneapolis 
14,  Minnesota. 

STERN,  DR.  KURT  G.,  Polytechnic  Inst.,  Dept.  of  Chemistry,  84  Livingston  St., 
Brookyln,  N.  Y. 

STEWART,  DR.  DOROTHY,  Rockford  College,  Rockford,  Illinois. 

STOREY,  DR.  ALMA  G.,  Department  of  Botany,  Mt.  Holyoke  College,  South 
Hadley,  Mass. 

STRAUS,  DR.  W.  L.,  Johns  Hopkins  University,  Baltimore  18,  Maryland. 

STUNKARD,  DR.  HORACE  W.,  New  York  University,  New  York  City,  New  York. 

STURTEVANT,  DR.  ALFRED  H.,  California  Institute  of  Technology,  Pasadena  4, 
California. 

SULKIN,  DR.  S.  EDWARD,  Southwestern  Medical  School,  Department  of  Bacteri- 
ology, University  of  Texas,  Dallas,  Texas. 

SWOPE,  MR.  GERARD,  JR.,  570  Lexington  Avenue,  New  York  22,  New  York. 

SZENT-GYORGYI,  DR.  A.  E.,  Woods  Hole,  Massachusetts. 

SZENT-GYORGYI,  DR.  ANDREW  G.,  Inst.  for  Muscle  Research,  Woods  Hole,  Mass. 

TASHIRO,  DR.  SHIRO,  University  of  Cincinnati  Medical  College,  Cincinnati,  Ohio. 

TAYLOR,  DR.  WILLIAM  RANDOLPH,  University  of  Michigan,  Ann  Arbor,  Michigan. 

TEWINKEL,  DR.  Lois  E.,  Dept.  of  Zoology,  Smith  College,  Northampton,  Massa- 
chusetts. 

TRACY,  DR.  HENRY  C.,  Department  of  Anatomy,  University  of  Mississippi,  Uni- 
versity, Miss. 

TRACER,  DR.  WILLIAM,  Rockefeller  Inst.,  66th  Street  and  York  Avenue,  New 
York  21,  New  York. 

TRINKAUS,  DR.  J.  PHILIP,  Department  of  Zoology,  Osborn  Zoological  Labora- 
tory, New  Haven,  Conn. 

TURNER,  DR.  C.  L.,  Northwestern  University,  Evanston,  Illinois. 

TYLER,  DR.  ALBERT,  California  Institute  of  Technology,  Pasadena,  California. 

UHLENHUTH,  DR.  EDWARD,  University  of  Maryland  School  of  Medicine,  Balti- 
more, Maryland. 

VILLEE,  DR.  CLAUDE  A.,  Harvard  Medical  School,  Boston  15,  Massachusetts. 

WAINIO,  DR.  W.  W.,  Bureau  of  Biological  Research,  Rutgers  University,  New 
Brunswick,  N.  J. 

WALD,  DR.  GEORGE,  Biological  Laboratory,  Harvard  University,  Cambridge. 
Massachusetts. 

WARBASSE,  DR.  JAMES  P.,  Woods  Hole,  Massachusetts. 

WARNER,  DR.  ROBERT  C.,  Dept.  of  Chemistry,  New  York  Univ.  College  of  Medicine, 
New  York  16,  N.  Y. 

WATERMAN,  DR.  T.  H.,  Osborn  Zoological  Laboratory,  Yale  University,  New 
Haven,  Connecticut. 

WEBB,  DR.  H.  MARGUERITE,  Department  of  Physiology  and  Bacteriology,  Goucher 
College,  Towson,  Md. 
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WEISS,  DR.  PAUL  A.,  Department  of  Zoology,  University  of  Chicago,  Chicago  37, 
Illinois. 

WENRICH,  DR.  D.  H.,  University  of  Pennsylvania,  Philadelphia,  Pennsylvania. 

WHEDON,  DR.  A.  D.,  21  Lawncrest,  Danbury,  Connecticut. 

WHITAKER,  DR.  DOUGLAS  M.,  P.  O.  Box  2514,  Stanford  University,  California 

WHITE,  DR.  E.  GRACE,  Wilson  College,  Chambersburg,  Pennsylvania. 
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During  1953,  the  number  of  journals  currently  received  totalled  1503  (67  new). 
There  were  461  (14  new)  Marine  Biological  Laboratory  subscriptions;  600  (21 
new)  exchanges  and  163  (15  new)  gifts;  73  (6  new)  were  Woods  Hole  Oceano- 
graphic  Institution  subscriptions;  173  (5  new)  were  exchanges  and  33  (6  new) 
were  gifts. 

The  Marine  Biological  Laboratory  purchased  39  books,  received  51  compli- 
mentary copies  (7  from  authors  and  44  from  publishers)  and  14  miscellaneous  dona- 
tions. The  Woods  Hole  Oceanographic  Institution  purchased  23  titles  and  re- 
ceived 7  gifts.  The  total  number  of  books  placed  on  the  shelves  amounted  to  134. 
The  Marine  Biological  Laboratory  completed  by  purchase  7  journal  sets  and  par- 
tially completed  9  sets.  The  Woods  Hole  Oceanographic  Institution  completed  3 
back  sets  and  partially  completed  4  sets.  Volumes  and  numbers  were  received  by 
gift  and  by  exchange  which  partially  completed  9  sets. 

The  reprint  collection  was  increased  by  5643  papers,  2464  being  of  current  issue. 

Forty-seven  titles  were  borrowed  on  inter-library  loan  and  125  were  sent  to 
out-of-town  libraries.  The  sale  of  duplicate  material  contributed  $263.45  to  the 
Laboratory's  general  fund.  The  microfilm  service  has  not  as  yet  been  resumed. 

The  Library  gratefully  acknowledges  the  following  gifts :  from  Dr.  Paul  S.  Galt- 
soff,  his  card  bibliography  of  references  pertaining  to  the  "Gulf  of  Mexico — Its 
Origin,  Waters  and  Marine  Life,"  as  well  as  numbers  and  volumes  which  further 
complete  10  Russian  titles ;  a  set  of  the  Josiah  Macy  Foundation  publications  from 
the  Foundation ;  a  current  subscription  to  "Scientific  American"  from  Dr.  Ross  G. 
Harrison,  Jr. ;  the  early  volumes  of  "Nucleonics"  from  Mr.  Jack  Hagstrom ;  and 
reprint  collections  from  Dr.  and  Mrs.  P.  W.  Whiting,  Smith  College  Library,  Dr. 
L.  J.  Milne,  Dr.  Ursula  M.  Hober,  and  the  U.  S.  Army  Chemical  Center  in 
Maryland. 

At  the  end  of  the  year,  the  Library  contained  63,276  bound  volumes  and  188,584 
reprints. 

The  Librarian  wishes  to  express  her  appreciation  to  Dr.  Win.  Randolph 
Taylor  for  the  help  and  advice  so  willingly  given  during  his  term  as  Chairman  of 
the  Library  Committee. 

Respectfully  submitted, 
DEBORAH  L.  HARLOW, 

Librarian. 


PHASE-CONTRAST  AND  ELECTRON  MICROSCOPE  STUDIES 

ON  THE  NEBENKERN,  A  MITOCHONDRIAL  BODY  IN 

THE  SPERMATIDS  OF  THE  GRASSHOPPER 

H.  W.  BEAMS,  T.  X.  TAHMISIAN,  R.  L.  DEYINE  AND  L.  E.  ROTH 

Department  of  Zoology,  State   University  of  Iowa,  loiva  City,  loiva,  and  Division  of 
Biological  and  Medical  Research,  Argonnc  National  Laboratory, 

Letnont,  Illinois 

Attempts  to  demonstrate  a  structure  within  mitochondria  which  might  be  corre- 
lated with  their  function  have  been  the  object  of  several  investigations:  (1)  In  the 
germ  cells  of  certain  insects  the  filamentous  mitochondria  are  composed  of  two  dis- 
tinct parts,  an  outer  chromophilic  and  an  inner  chromophobic  (Gatenby,  1917; 
Bowen,  1922).  (2)  In  electron  micrographs  certain  mitochondria  show  areas  of 
unequal  electron  density  (Claude  and  Pullman,  1945).  (3)  Sometimes  the  par- 
ticles appear  to  be  held  together  within  a  lattice  framework  (Pease,  Baker  and 
\Yarren,  1950).  (4)  Other  mitochondria  show  cross  striations  (Pease  and  Baker, 
1950).  while  still  others  possess  a  system  of  internal  ridges,  or  cristae,  that  protrude 
perpendicularly  from  the  inside  surface  of  the  membrane  toward  the  interior  of  the 
mitochondrion  (Palade,  1952,  1953).  Similar  structures  have  been  observed  to 
extend  across  the  mitochondria  and  to  be  composed  of  double  membranes  (Sjostrand, 
1953).  (5)  In  contrast  to  the  above,  certain  other  mitochondria  display  longitudi- 
nally oriented  internal  filaments  or  lamellae  (Glimstedt  and  Lagerstedt,  1953; 
Beams  and  Tahmisian,  1954).  Mitochondria  of  this  type  show  birefringence  in 
their  longitudinal  axis  (Monne,  1948).  In  addition,  variation  in  mitochondrial 
form,  size  and  structure  has  been  shown  to  occur  in  cells  of  animals  exposed  to 
pathological  or  experimental  conditions.  The  demonstration  of  a  limiting  mem- 
brane at  the  surface  of  the  mitochondria  by  Dalton  et  al.  (1949)  has,  for  the  most 
part,  been  confirmed  (Palade,  1952;  Sjostrand,  1953  and  others). 

Since  the  nebenkern  in  the  spermatids  of  certain  animals  has  been  shown  to  be  a 
mitochondrial  body,  i.e.,  composed  of  fused  mitochondria  (von  la  Valette  St.  George, 
1886;  Meves,  1900;  Lewis  and  Robertson,  1916;  Payne,  1916,  1926;  Gatenby,  1917; 
Bowen,  1922;  Pollister,  1930;  Johnson,  1931  and  others),  it  seemed  of  interest  to 
attempt  by  aid  of  the  electron  microscope  an  analysis  of  its  ultramicroscopic  structure 
and  to  compare  the  structure  thus  revealed  with  that  cited  above  for  other  mitochon- 
dria. Limited  observations  have  also  been  made  on  the  nebenkern  of  living  cells  by 
aid  of  the  phase-contrast  microscope,  and  the  structure  thus  revealed  compared  to 
that  of  comparable  stages  described  for  it  in  fixed  and  stained  preparations. 

MATERIAL  AND  METHODS 

The  material  for  this  study  consists  of  the  testes  of  grasshopper  nymphs,  Mclano- 
plus  diffcrentialis.  After  removing  the  testis  from  the  body,  it  was  placed  in  Belaf 
solution  and  dissected  free  of  fat  and  connective  tissue.  About  three  tubules  were 
then  placed  in  a  few  drops  of  Belar  solution  in  the  lower  half  of  a  roto-compressor 
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gressive  stages  in  structural  differentiation,  the  peak  of  which  is  followed  by  dedif- 
ferentiation  in  the  transforming  spermatid.  Such  an  arrangement  is  not  an  easy 
task,  even  when  studied  in  light  microscope  preparations  (Bowen,  1922),  and  it 
becomes  an  even  more  difficult  one  when  studied  at  the  ultramicroscopic  level. 

Immediately  following  division  of  the  second  spermatocyte  the  somewhat  swollen 
and  vesicular  mitochondria  collect  at  one  side  of  the  nucleus  in  the  newly  formed 
spermatids  (Fig.  3M).  As  development  proceeds,  they  seem  to  fuse  (Figs.  4,  5, 
and  ISA),  giving  rise  to  elongated  vesicles,  the  surfaces  of  which  appear  to  form  the 
dense  concentric  laminated  structures ;  the  remaining  part  gives  rise  to  the  less  dense 
inter-lamellar  matrix  (Figs.  9,  10,  11,  and  12). 

As  will  be  noted  below,  when  completely  differentiated  the  nebenkern  is  com- 
posed of  a  series  of  concentric  lamellae  separated  by  inter-lamellar  matrix.  Figures 
6  to  10  seem  to  show  a  series  of  transverse  sections  at  different  depths  through 
the  completely  differentiated  nebenkern.  Figure  6  appears  to  represent  a  section 
through  the  peripheral  region  and  across  the  longitudinal  axis.  If  the  lamellae  are 
numbered  from  the  outside  inward,  Figure  6  represents  a  section  in  which  the  knife 
passed  across  the  first,  or  outer,  lamella  and  through,  or  just  above,  the  second 
lamella.  Similar,  but  deeper,  sections  are  noted  in  Figures  7  and  8  where  they  are 
through  the  level  of  the  third  and  fourth  lamellae,  respectively.  When  a  more 
central  section  is  made  through  the  nebenkern,  6  to  8  concentric  lamellae  are  often 
evident  (Figs.  9  to  11  ).  In  Figure  9  the  section  is  through  the  longitudinal  axis 
of  the  nebenkern;  it  is  in  this  axis  that  it  will  eventually  divide  (Figs.  14,  15)  and 
elongate  (Fig.  16),  giving  rise  to  part  of  the  structure  in  the  middle  piece  of  the 
sperm.  The  lamellae  of  the  nebenkern  measure  about  400  A  in  thickness  and  the 
inter-lamellar  spaces  about  1800  to  3000  A  in  thickness.  Figure  10  is  an  oblique 
section  through  the  nebenkern  and  is  interesting  because  some  of  its  lamellae  appear 
to  be  composed  of  double  membranes.  When  viewed  in  cross  section  the  concentric 
lamellae  of  the  nebenkern  are  approximately  eight  in  number  (Fig.  11).  Little 
structure  is  observed  within  the  inter-lamellar  matrix  which  could  lie  used  to  dif- 
ferentiate it  from  the  surrounding  cytoplasm.  A  section  through  one  pole  of  the 
nebenkern  is  seen  in  Figure  12,  while  Figure  13  shows  sections  through  the  sides 
of  what  seem  to  be  developing  stages.  The  scattered  vesicular  bodies  in  the  cyto- 
plasm of  these  cells  are  probably  diffuse  basophilic  substance  or  what  Porter  (1953) 
has  called  endoplasmic  reticulum  (Fig.  13C). 

In  older  spermatids,  those  in  the  initial  stages  of  transformation  into  spermato- 
zoa, the  nebenkern  divides  into  two  parts  (Figs.  14,  15,  and  16).  At  this  time  it 
loses  its  lamellar  structure,  becomes  somewhat  vesicular,  and  elongates  into  the 
middle  piece  of  the  developing  sperm  (Fig.  16).  A  few  electron-opaque  bodies  are 
still  evident  within  the  halves  of  the  nebenkern  but  the  lamellae  have  disappeared, 
leaving  a  comparatively  structureless  matrix.  A  centriole  may  be  observed  here  at 

FIGURE  12.  Section  near  one  pole  of  nebenkern,  revealing  the  arrangement  of  lamellae. 
Buffered  2%  osmic  acid.  <  17,000. 

FIGURE  13.  Longitudinal  section  through  side  of  developing  nebenkern  revealing  outer 
lamellae.  The  nucleus  is  shown  at  N  and  the  endoplasmic  reticulum  at  C.  Buffered  2%  osmic 
acid  fixation.  X  5000. 
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PLATE  III 

FIGVRKS  14  AND  15.  Initial  stages  in  sperm  development,  in  which  the  nehenkern  has  lost 
its  lamellae  and  divided,  preparatory  t<>  moving  into  the  middle  piece.  The  nucleus  is  seen  at 
N.  ChampyV  fixation.  Figure  14,  X  Kl.OIKI;  Figure  15,  X  5000. 


ULTRASTRUCTURE  OF  THE  NEBENKERN  53 

the  base  of  the  nucleus,  and  a  portion  of  the  tail  filament   (T)   is  revealed  between 
the  halves  of  the  elongating  nebenkern. 

Certain  unidentified  bodies  were  observed  in  the  electron  micrographs  of  the  germ 
cells  of  the  grasshopper  (Figs.  17C  and  18C).  We  believe  these  to  be  basophilic 
bodies  which  have  been  formed  by  a  fusion  of  scattered  basophilic  material  like  that 
present  in  the  cells  of  Figure  13C.  These  bodies  show  filaments  or  lamellae  about 
600  A  in  width  which  are  probably  composed  of  double  membranes.  Between  the 
filaments  or  lamellae  are  relatively  structureless  layers  of  matrix  which  measure  on 
the  average  about  2170  A  in  width.  In  Figure  ISC  the  lamellae  are  seen  in  cross 
section.  It  is  clear  that  this  body  is  not  a  part  of  the  nebenkern,  since  both  bodies 
are  sometimes  revealed  side  by  side  in  the  same  cell  (Figs.  18 A,  C). 

DISCUSSION 

Mitochondrial  material  is  known  to  exist  in  many  different  forms  such  as  gran- 
ules, rods,  filaments  and  vesicles ;  it  is  also  known  to  be  the  locus  of  many  important 
enzymatic  functions.  (For  an  excellent  review  of  the  morphology  and  biochemistry 
of  mitochondria  the  reader  is  referred  to  the  symposium  on  this  subject  appearing 
in  the  /.  of  Histochcni.  and  Cytochcm.,  vol.  1,  pp.  179  to  281,  1953.) 

One  of  the  most  interesting  types  of  mitochondrial  bodies  is  the  nebenkern  which 
exists  in  the  spermatids  of  certain  insects  (von  la  Valette  St.  George,  18S6;  Meves, 
1900;  Lewis  and  Robertson,  1916;  Gatenby,  1917;  Bowen,  1922;  Payne,  1926; 
Pollister,  1930;  Johnson,  1931  and  others).  The  mitochondria  in  the  young  sperma- 
tid  are  composed  of  an  outer  chromophilic  and  an  inner  chromophobic  part.  They 
literally  run  together,  giving  rise  to  the  nebenkern  (Gatenby,  1917;  Bowen,  1922) 
which,  as  the  spermatid  grows  older,  becomes  differentiated  into  a  series  of  ultra- 
microscopic  lamellae  that  are  separated  by  inter-lamellar  spaces. 

In  preliminary  observations  on  the  living  spermatid  by  means  of  the  phase- 
contrast  microscope,  we  were  able  to  confirm  much  of  the  structure  seen  in  the  neben- 
kern of  fixed  and  stained  preparations.  However,  it  is  evident  that  the  structure  of 
the  nebenkern  seen  in  Figure  IB  is  difficult  to  correlate  with  that  observed  in  the 
electron  micrographs.  Notwithstanding  the  fact  that  we  have  examined  over  150 
nebenkern  in  different  stages  of  differentiation,  we  apparently  have  not  seen  the 
lamellar  structure  present  in  Figure  IB.  That  this  is  true  is  evidenced  by  the  fact 
that  the  lamellae  seen  in  electron  micrographs  measure  only  about  400  A  in  width, 
a  figure  beyond  the  range  of  light  microscope  resolution.  At  present  we  are  unable 
to  explain  this  apparent  discrepancy  in  structure  of  the  nebenkern  revealed  by  the 
light  and  electron  microscopes ;  it  may  simply  be  that  we  have  never  observed  under 

FIGURE  16.  Stage  in  transformation  of  spermatid  into  spermatozoon.  Note  centriole  at 
base  of  nucleus  (N)  and  part  of  tail  filament  (T)  between  the  elongating  halves  of  the  neben- 
kern. 2%  osmic  acid  fixation.  X  5000. 

FIGURE  17.  Basophilic  body  (C)  cut  through  its  long  axis.  Note  electron-opaque  lamellae 
or  filaments  and  interlamellar  spaces.  The  nucleus  is  shown  at  N.  Buffered  2%  osmic  acid 
fixation.  X  5000. 

FIGURE  18.  Body  at  C  is  of  the  same  type  as  that  in  Figure  17C,  but  cut  in  cross  section. 
The  body  at  A  is  a  developing  nebenkern.  Buffered  2%  osmic  acid  fixation.  X  6000. 
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the  electron  microscope  a  nebenkern  possessing  a  structure  of  the  type  seen  in  Fig- 
ure IB. 

The  interesting  part  of  this  paper  is,  how  does  the  ultramicroscopic  structure  of 
the  nebenkern  compare  with  that  of  other  forms  of  mitochondrial  material?  It  will 
be  recalled  that  1'alade  (1952,  1953)  demonstrated  within  the  mitochondria  a  system 
of  internal  ridges  or  cristae  that  protrude  perpendicularly  from  the  inside  surface  of 
the  membrane  toward  the  interior  of  the  mitochondria.  Sjostrand  (1953)  further 
observed  these  membranes  to  be  double  and  to  extend  across  the  mitochondria. 
Since  the  cristae  appear  in  the  mitochondria  of  so  many  different  types  of  cells, 
Palade  (  1^53)  suggests  that  they  constitute  a  characteristic  pattern  of  mitochondrial 
ultrastructure.  However,  in  the  mitochondria  of  the  male  germ  cells  of  Helix  in- 
stead of  the  characteristic  cristae,  a  series  of  longitudinally  oriented  lamellae  of  about 
400  A  in  width  were  observed  (Beams  and  Tahmisian,  1954).  The  same  mito- 
chondria show,  when  examined  under  polarized  light,  a  positive  birefringence  in 
their  longitudinal  axis.  If  the  grasshopper  nebenkern  is  constructed  like  an  onion 
(that  is,  the  lamellae  corresponding  to  the  layers),  then  it  may  be  said  that  the 
ultrastructure  of  both  Helix  germ  cell  mitochondria  and  grasshopper  nebenkern  are 
similar.  However,  it  is  difficult  to  determine  what  relationship,  if  any.  exists  be- 
tween the  lamellar  structure  of  the  nebenkern  and  the  cristae  structure  of  certain 
other  mitochondria.  Accordingly,  it  would  seem  that  the  exact  type  of  internal 
ultramicroscopic  structure  in  mitochondria  material  may  vary,  but  that  some  form 
of  structure  must  be  present  to  provide  compartments  or  increased  intramitochon- 
drial  surface  area  which  in  some  way  enhances  their  enzymatic  function.  It  is  not 
known  what  role  the  mitochondrial  material  may  play  in  the  metabolism  of  the 
grasshopper  spermatid.  However,  if  there  exists  a  correlation  between  structure 
and  function  within  the  mitochondria,  as  seems  evident,  the  nebenkern  with  its 
remarkable  structure  should  constitute  a  rewarding  source  of  material  for  enzymatic 
studies. 

It  has  long  been  known  that  certain  material  in  the  cytoplasm  of  many  different 
types  of  cells  has  a  special  affinity  for  basic  dyes.  Hence,  these  bodies  whose  sig- 
nificance has  not  been  wholly  understood  have  been  termed  basophilic  bodies  or 
ergastoplasm  (Wilson,  1925;  Monne,  1948).  Recently  the  electron  microscope  has 
revealed  in  different  types  of  cells  a  group  of  filaments  that  are  thought  to  be  equiva- 
lent to  the  basophilic  material  (Dalton  ct  a!.,  1950;  Bernhard  ct  al.,  1^52;  Beams  ct 
al.,  1952,  and  others).  According  to  Porter  (1953),  the  fibrous  nature  of  the  baso- 
philic material,  which  he  has  termed  endoplasmic  reticulum,  is  in  reality  an  artifact. 
and  the  real  structure  is  a  system  of  canaliculi  and  vesiculated  strands.  The  bodies 
that  wre  have  termed  basophilic  here  seem  to  possess  a  structure  similar  to  that  in 
other  types  of  cells.  However,  it  is  difficult  to  determine  whether  or  not  the  lamel- 
lae arc  composed  of  single  membranes  or  of  double  membranes  with  an  intervening 
space  between  them.  \Yc  are  inclined  to  accept  the  latter  view.  Certainly  the  dif- 
fuse form  of  the  basophilic  material  like  that  in  Figure  13,  appears  vesicular. 

It  will  be  noted  that  in  ("hampy-lixed  material  a  more  fibrous  type  of  cytoplasm 
is  revealed  than  occurs  following  fixation  in  buffered  osmic  acid;  yet  the  structure 
and  distribution  of  the  lamellae  within  the  nebenkern  are  much  the  same  following 
either  type  of  fixation. 
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CONCLUSIONS 

1.  The  nebenkern  of  grasshopper  spermatids  arise  by  the  fusion  of  mitochondria. 

2.  The  mature  nebenkern  is  composed  of  concentric  lamellae  about  400  A  in  thick- 
ness.    Some  appear  to  be  composed  of  double  membranes.     The  lamellae  are  ar- 
ranged like  the  layers  in  an  onion  and  they  alternate  with  layers  of  matrix. 

3.  As  the  spermatic!  transforms  into  a  spermatozoon  the  nebenkern   loses  its 
lamellar  structure,  divides,  and  its  two  halves  elongate  down  the  middle  piece  of  the 
developing  sperm. 

4.  Some  spermatids  contain  diffuse  vesiculated  bodies  (endoplasmic  reticulum) 
which  are  believed  to  be  basophilic  material.     Other  spermatids  show  large  bodies 
composed  of  lamellae  which  are  thought  to  represent  a  collection  into  one  body  of 
the  basophilic  material. 
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STUDIES  ON  THE  UREASE  OF  THE  EGGS  AND  EMBRYOS  OF  THE 
SEA  URCHIN,  STRONGYLOCENTROTUS  PURPURATUS l 

JOHN  W.  BROOKBANK2  AND  ARTHUR  H.  WHITELEY 

Department  of  Zoology  and  the  Friday  Harbor  Laboratories, 
University  of  Washington,  Seattle,  Washington 

From  studies  on  the  comparative  physiology  of  animals,  it  has  been  found  that 
the  kind  of  nitrogen  excretion  products  tend  to  be  correlated  with  environmental 
conditions,  the  most  important  single  factor  being  the  availability  of  water.  One 
might  suppose,  on  the  basis  of  environment,  that  if  sea  urchin  eggs  excrete  nitro- 
gen it  would  be  excreted  in  the  form  of  ammonia  since  ample  water  is  available  for 
the  rapid  removal  of  this  substance  from  the  eggs  and  developing  embryos.  There 
are,  in  fact,  reports  of  ammonia  excretion  by  sea  urchin  eggs.  Orstrom  (1941) 
demonstrated  a  marked  but  transitory  excretion  of  ammonia  by  sea  urchin  eggs 
immediately  after  fertilization  and  provided  some  evidence  that  this  is  a  result  of 
the  deamination  of  adenosine  to  inosine  by  adenosine  deaminase.  Hutchens  et  ol. 
(1942)  confirmed  Orstrom's  findings,  but  attributed  the  ammonia  production  to 
amino  acid  deamination.  A  number  of  workers  have  investigated  nitrogen  metabo- 
lism during  later  development  with  results  which,  though  in  some  measure  conflict- 
ing, suggest  that  the  early  development  of  the  sea  urchin  egg  is  characterized  by 
little  if  any  nitrogen  excretion.  Hayes  (1934)  reported  an  increase  in  total  nitro- 
gen during  the  first  four  hours  of  the  development  of  Echinoinetra  Incuntcr,  followed 
by  a  small  decrease  between  the  6th  and  24th  hours  of  development.  Ephrussi  and 
Rapkine  (1928)  found  a  decrease  in  total  nitrogen  from  10.7%  dry  weight  to  9.7% 
during  the  period  of  development  between  0-40  hours  of  Paraccntrotns  livid  us. 
Hayes'  data  are  complicated  by  the  possibility  that  variable  amounts  of  the  gelatinous 
coat  of  the  eggs,  a  glycoprotein  (Tyler,  1949a),  may  have  been  present  in  different 
stages,  since  no  special  account  of  this  seems  to  have  been  taken  in  this  work. 
Ephrussi  and  Rapkine's  results,  as  indicated  by  Horowitz  (1939),  also  show  an 
increase  of  5.6%  in  the  dry  weight  of  the  embryos  during  the  period  of  development 
mentioned  which  would  virtually  cancel  out  any  nitrogen  loss  during  this  period. 
Horowitz  (1939)  presented  data  for  the  nitrogen  content  of  the  eggs  of  Urcchis 
caupo,  a  marine  echiuroid  worm,  indicating  that  the  nitrogen  content  is  constant 
up  to  24  hours  of  development  (feeding  trochophore).  Though  this  last  men- 
tioned work  admittedly  has  no  direct  bearing  on  nitrogen  excretion  in  the  sea  urchin 
egg,  the  environment  of  the  two  forms  is  similar  and  one  might  expect,  therefore, 
a  similarity  in  nitrogen  excretion  products.  Finally,  it  is  reported  by  Gustafson 
and  Hasselberg  (1951)  that  the  nitrogen  content  of  developing  embryos  of  Para- 
ccntrotns liridus  remains  constant  for  the  first  32  hours  of  development. 

1  This  investigation  was  supported  in  part  by  the  Research  Fund   171  of  the  University  of 
Washington. 

2  Present  address  :  Kerckhoff  Laboratories  of  Biology,  California  Institute  of  Technology, 
Pasadena  4,  California. 
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The  present  investigation  is  concerned  with  the  enzyme  urease  and  metabolically 
related  enzymes,  rind  the  possible  relation  between  the>e  enzymes  and  the  low  nitro- 
gen excretion  by  the  developing  sea  urchin  embryo.  Since  urease  is  usually  thought 
of  as  an  "excretory"  enzyme,  its  existence  in  an  embryo  which  may  not  excrete  nitro- 
gen during  the  morphogenetic  period  leading  to  the  larval  stage  becomes  of  some 
interest. 

MATERIALS  AND  METHODS 

Eggs  and  sperm  of  Strongylocentrotus  t>urf>nratns  were  collected  after  the  ani- 
mals had  been  induced  to  spawn  with  isotonic  KC1  (Tyler,  1949b).  The  gelatinous 
coat  of  the  eggs  was  removed  with  acid  (pH  3.5)  sea  water  (Tyler,  1949a),  and 
the  eggs  were  used  if  they  were  90-100%  fertilizable.  Embryos  were  grown  in 
approximately  \%  suspensions  at  11°  C.  in  slowly  rotating  Erlenmeyer  flasks.  At 
the  desired  stage  of  development,  samples  were  taken  from  the  suspension.  Swim- 
ming stages  were  concentrated  by  means  of  a  specially  constructed  Lucite  centrifuge 
similar  to  the  Foerst  plankton  centrifuge.  The  embryos  were  frozen  and  stored  for 
not  more  than  24  hours  before  in  vitro  assay  for  urease  activity. 

For  in  vitro  determinations,  the  frozen  material  was  homogenized  and  diluted 
with  sea  water  to  give  a  final  concentration  of  about  0.5  ml.  of  packed  eggs  per 
2.0  ml.  of  brei.  Two  milliliters  of  this  were  transferred  to  a  10-ml.  screw-cap  vial 
with  4.0  ml.  of  0.5  M  phosphate  buffer  at  pH  7.4.  At  zero  time,  1.0  ml.  of  a  urea 
solution  containing  100  mg.  of  urea  was  added.  The  reaction  was  allowed  to  pro- 
ceed for  one  hour  at  29.5°  C.,  when  the  vials  were  chilled  and  centrifuged  for  2-3 
minutes  at  3°  C.  Five  milliliters  of  the  supernatant  were  transferred  to  tubes  con- 
taining 1  gin.  of  Permutit  (after  Folin).  These  were  mixed  for  one  minute,  then 
washed  three  times  with  ammonia-free  water.  The  Permutit  was  transferred  to  a 
Kirk-type  micro-Kjehldahl  still  and  alkalinized  by  the  addition  of  3  ml.  of  20% 
NaOH.  The  ammonia  liberated  was  distilled  and  titrated  by  the  biiodate  method 
of  Ballentine  and  Gregg  (1947).  Kjehldahl  nitrogen  was  determined  on  aliquots 
of  the  homogenates  by  the  digestion  method  of  Boell  (1945)  and  the  distillation 
and  titration  method  of  Ballentine  and  Gregg  (1947). 

For  in  vivo  determinations,  6-ml.  aliquots  containing  about  0.5  ml.  of  eggs  were 
placed  in  a  10-ml.  screw-cap  vial,  one  ml.  of  sea  water  containing  100  mg.  of  urea 
was  added  and  the  eggs  incubated  for  one  hour  at  18°  C.  The  suspensions  were  then 
centrifuged  lightly  at  3°  C.  for  one  minute  and  5.0-ml.  aliquots  of  the  supernatant 
were  transferred  to  the  Permutit.  The  eggs  were  washed  with  sea  water,  allowed 
to  cytolyze  in  the  original  volume  of  cold  distilled  water  and  another  series  of  5.0-ml. 
aliquots  taken  from  the  supernatant.  The  cytolysis  procedure  permitted  measuring 
ammonia  that  was  produced  by  the  reaction  but  failed  to  diffuse  out  of  the  eggs. 
The  in  vivo  urease  activity  is  taken  as  the  sum  of  the  ammonia  liberated  to  the  sea 
water  plus  that  bound  in  the  eggs  and  is  expressed  as  micrograms  of  ammonia  nitro- 
gen per  aliquot  per  hour. 

Endogenous  controls  were  run  in  all  experiments  and  the  data  to  be  presented 
have  been  corrected  by  the  subtraction  of  the  control  values.  The  endogenous  am- 
monia production  in  breis  was  generally  about  0.0075  microgram  ammonia  nitrogen 
per  microgram  egg  nitrogen  per  hour,  while  for  whole  eggs,  the  usual  figure  was 
close  to  17  micrograms  ammonia  nitrogen  per  aliquot  per  hour  for  unfertilized  eggs 
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and  20  for  fertilized,  varying  slightly  with  the  number  of  eggs  per  aliquot  present 
in  different  experiments. 

RESULTS 

To  ascertain  the  /;;  vitro  saturation  point  of  the  enzyme  with  substrate,  two  ex- 
periments with  equal  aliquots  of  eggs  and  varying  urea  concentrations  were  per- 
formed. The  amount  of  urea  per  vial  ranged  from  2.5  to  20  mg.  in  one  experiment, 
and  from  10  to  90  mg.  in  the  second  experiment.  The  results  indicate  complete 
saturation  with  30-50  mg.  of  urea  but.  as  a  safety  factor,  100  mg.  of  urea  per  reac- 
tion vial  were  used  in  all  /';/  vitro  determinations  of  urease  activity. 

Since  urease  in  other  organisms  depends  on  reduced  sulfhydryl  groups  for  ac- 
tivity (Stunner  and  Poland.  1933),  a  check  was  made  on  the  redox  potential  of 
the  brei-buffer  mixture  using  a  Beckman  pH  meter  equipped  with  a  platinum  elec- 
trode. The  brei-buffer  was  found  to  have  a  redox  potential  of  150-170  mv.  On 
the  addition  of  one  mg.  of  glutathione.  this  was  lowered  to  90-100  mv.  The  en- 
zymatic activity  was  not  appreciably  changed  in  the  presence  of  glutathione ;  values 
obtained  were  0.0365  microgram  ammonia  nitrogen  per  microgram  egg  nitrogen 
per  hour  without  glutathione  and  0.03SO  for  the  vial  containing  glutathione.  As 
will  be  seen  later,  these  results  do  not  differ  significantly  from  each  other.  In  view 
of  the  failure  of  glutathione  to  increase  the  activity  of  the  enzyme,  and  in  view  of 
the  optimum  redox  potential  of  100-200  mv.  reported  by  Sizer  and  Tytell  (1941) 
for  jack  bean  urease,  which  is  within  the  range  obtained  for  the  brei-buffer  mixture, 
glutathione  was  not  included  in  the  subsequent  assays. 

To  determine  the  reproducibility  of  the  homogenizing,  sampling  and  assay  meth- 
ods employed,  embryos  were  raised  to  the  hatching  blastula  stage  and  harvested. 
Three  aliquots  of  these  embryos  were  homogenized  separately  and  their  urease  ac- 
tivities determined.  Activities  of  0.0361,  0.0368,  and  0.0328  unit  (microgram  am- 
monia nitrogen/microgram  egg  nitrogen  hour)  were  obtained,  from  which  it  is 
concluded  that  the  determinations  are  reliable  to  about  0.005  unit. 

Using  the  conditions  for  assay  established  by  the  above  experiments,  determina- 
tions of  the  activity  of  the  enzyme  were  made  on  breis  of  fertilized  and  unfertilized 
eggs  and  on  various  stages  during  the  first  114  hours  of  development.  These  re- 
sults are  summarized  in  Figure  1.  It  is  seen  that  while  there  is  little  change  in  the 
activity  of  breis  between  fertilized  and  unfertilized  eggs,  there  is  a  drop  of  about 
30^r  by  the  unhatched  blastula  stage,  and  that  this  level  is  maintained  to  the  pluteus 
stage,  at  which  time  the  animals  are  beginning  to  feed.  Adult  tissues  were  analyzed 
in  order  to  see  if  any  further  change  in  the  activity  of  the  enzyme  occurred.  Ovary, 
from  which  the  eggs  had  been  removed  by  KCl-induced  spawning,  and  gut  were 
assayed.  Activities  of  0.0285  and  0.0585  unit,  respectively,  were  found.  It  would 
seem  that  the  activity  of  urease  in  the  adult  animal  is  maintained  at  approximately 
the  level  found  during  embryonic  development. 

That  urease  activity  in  vitro  does  not  change  when  the  eggs  are  fertilized  is  indi- 
cated above.  There  still  exists  the  possibility  of  an  in  vivo  change.  To  test  this, 
equal  aliquots  of  eggs  were  assayed  in  the  manner  described  above.  For  two  sepa- 
rate experiments,  the  results  are  :  experiment  1,  126.8  micrograms  ammonia  nitrogen 
per  hour  per  aliquot  unfertilized  and  99.9  fertilized:  experiment  2.  127  unfertilized 
and  119  fertilized.  These  experiments  show  little  or  no  change  in  in  riro  urease 
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FIGURE  1.  The  in  vitro  activity  of  urease  of  Strongylocentrotus  purpunitus  as  a  function  of 
time  and  developmental  stage.  UF,  unfertilized ;  F,  fertilized ;  HB,  hatched  blastula ;  LG,  late 
gastrula ;  P,  pluteus. 

activity  accompanying  fertilization  ;  the  differences  noted  are  certainly  not  compara- 
ble to  the  4-  to  6-fold  increase  found  in  respiratory  rate  on  fertilization  in  sea  urchins. 

Experiments  were  done  to  determine  if  a  change  in  urease  activity  resulted  from 
homogenization.  Equal  aliquots  of  a  suspension  of  unfertilized  eggs  were  taken  ; 
one  series  was  homogenized  and  the  other  was  left  intact.  The  temperature  was 
18°  C.  and  the  pH  was  6.8  for  the  homogenized  samples  and  7.8  for  the  sea  water 
in  which  the  intact  eggs  were  suspended.  Though  there  is  an  apparent  difference 
in  the  pH  of  the  two  samples,  the  enzyme  may  he  considered  to  he  acting  at  the  same 
pi  I  in  both  cases  since  the  pH  of  the  interior  of  the  egg  may  he  taken  to  be  about 
6.8  (Pandit  and  Chambers,  1932).  The  intact  eggs  produced  70  micrograms  of 
ammonia  nitrogen  per  hour  per  aliquot  while  the  homogenized  eggs  produced  238. 

There  are  numerous  possible  explanations  for  this  four-fold  increase  in  activity. 
One  of  these,  the  possibility  that  the  eggs  are  relatively  impermeable  to  urea,  was 
tested  by  assaying  for  unfertilized  in  I'h'o  activity  with  increasing  amounts  of  urea. 
If  urea  is  freely  permeable,  the  in  ritro  saturation  point  (30  mg.)  should  also  be 
reached  in  i'iro.  Two  such  experiments  were  done  employing  urea  concentrations 
from  10  to  100  mg.  per  vial.  The  results,  plotted  in  Figure  2,  indicate  that  the  en- 
zyme  is  not  saturated  at  100  mg.  of  urea  per  vial  (0.24  M]  and  therefore  that  the 
amount  of  substrate  that  reaches  the  enzyme  is  limited,  presumably  by  permeability, 
assuming  that  urea  is  not  being  utilized  by  the  eggs  during  the  experiment.  It 
should  be  noted  that  eggs  incubated  with  urea  were  fertilizable  to  the  same  extent 
as  endogenous  controls  (  75-80 '/  )  after  one  or  two  washings  with  fresh  sea  water. 
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In  order  to  have  a  more  complete  picture  of  the  role  of  urease,  it  would  be  help- 
ful to  know  how  urea  might  be  formed  in  the  eggs.  There  are  several  pathways  of 
urea  formation,  of  which  two  are  the  ornithine  cycle  and  the  degradation  of  purines. 
Since  the  presence  of  a  system  such  as  the  ornithine  cycle,  which  would  manufacture 
urea  at  the  expense  of  energy  only  to  have  it  immediately  broken  down  again,  seemed 
unlikely,  it  was  decided  to  test  for  various  enzymes  of  purine  degradation.  Homog- 
enates  of  unfertilized  eggs  were  examined  qualitatively  for  the  presence  of  adenase, 
xanthine  oxidase,  uricase,  allantoinase,  and  allantoicase.  Adenase  was  not  demon- 
strable in  more  than  trace  amounts  in  two  independent  experiments  using  the  method 
employed  for  urease,  but  with  adenine  as  substrate.  Xanthine  oxidase  was  tested 
for  using  a  modified  Thunberg  technique  with  both  xanthine  and  hypoxanthine  as 
substrates.  Both  substrates  gave  decolorization  times  of  10-15  minutes  at  29°  C. 
and  pH  7.4,  while  in  the  absence  of  substrates,  decolorization  did  not  occur  within 
40  minutes.  It  is  concluded  that  the  enzyme  is  present.  Uricase  activity  was  meas- 
ured in  a  Warburg  apparatus.  Two  ml.  of  brei  (0.5  ml.  packed  eggs  per  2  ml.),  to 
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FIGURE  2.     The  in  vivo  activity  of  urease  in  unfertilized  eggs  of  Strongylocentrotus  pnrpuratus 
as  a  function  of  concentration  of  urea  in  the  sea  water. 
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which  were  added  20  mg.  uric  acid,  gave  an  oxygen  uptake  at  pH  9  and  30°  C.  of 
10.0  and  14.0  microliters  of  O-2  per  hour  per  flask  in  two  separate  experiments, 
whereas  endogenous  controls  showed  rates  of  3.1  microliters  of  O->  per  hour  per 
tlask  in  both  experiments;  uncase  is  therefore  present  in  the  brei.  Allantoinase  and 
allantoicase  were  assayed  simultaneously  using  the  in  vitro  urease  method,  but  with 
allantoin  as  substrate.  Duplicate  reaction  vials  contained  5.0  ml.  Mcllvaine's  buffer 
at  pH  7.4.  1.0  ml.  undiluted  egg  homogenate,  and  1.0  ml.  allantoin  solution  contain- 
ing 5  mg.  of  allantoin.  In  the  duplicates  97.2  and  87. 1  micrograms  ammonia  nitro- 
gen were  liberated  in  one  hour  at  22°  C.  These  values  have  been  corrected  for  a 
small  endogenous  ammonia  production.  It  is  concluded  that  allantoinase  and  allan- 
toicase are  present. 

These  experiments  indicate  that  four  of  the  enzymes  metabolically  related  to 
urease  are  present  in  the  unfertilized  eggs.  In  addition,  adenosine  deaminase  has 
been  reported  by  Orstrom  (1941)  and  Gustafson  and  Hasselberg  (1951).  It  is 
probable,  therefore,  that  the  scheme  of  purine  degradation  typical  of  animal  tissues 
exists  in  these  eggs.  With  this  conclusion,  the  function  of  urease  in  the  sea  urchin 
embryo  might  be  expected  to  be  that  of  completing  the  degradation  of  purines  to 
ammonia,  preparatory  to  its  elimination  from  the  organism  as  in  a  non-cleidoic  sys- 
tem where  water  supply  is  not  limiting.  Against  this,  however,  are  the  investiga- 
tions cited  earlier  that  indicate  little  or  no  nitrogen  is  lost  by  sea  urchin  embryos. 
The  question  of  ammonia  excretion  in  Strongylocentrotus  pitrpnratits  was  examined 
directly  by  experiments  in  which  the  ammonia  liberated  by  embryos  into  the  sea 
water  culturing  medium  was  measured.  One  experiment  covered  the  period  from 
20  minutes  to  12  hours  after  fertilization,  and  a  second  was  concerned  with  the 
interval  from  24  to  60  hours  after  fertilization.  In  both,  a  0.2 $  suspension  of  eggs 
was  inseminated  and,  after  washing,  \vas  cultured  for  the  incubation  period  in  fresh 
sea  water  at  11°  C.  and  pH  8.  Ammonia  was  determined  on  5.0-ml.  aliquots  of 
the  sea  water  both  before  and  after  the  incubation  period.  No  detectable  ammonia 
was  liberated  by  the  larvae  during  the  developmental  periods  tested. 

With  the  establishment  of  the  likelihood  that  nitrogen  is  excreted  in  very  small 
quantities,  if  at  all,  during  the  early  development  of  the  sea  urchin,  it  follows  that 
urease  is  not  primarily  involved  here  with  ammonotelic  excretion.  It  is  probable, 
then,  that  any  ammonia  produced  by  urease  would  be  added  to  the  metabolic  pool 
of  nitrogen  to  br  used  in  the  synthesis  of  various  nitrogen  compounds.  Hultin 
(1950)  has  shown  that  the  eggs  of  Pantcoitrohts  livid  its  are  able  to  incorporate 
N15-labelled  ammonia  from  sea  water  into  proteins,  a  finding  which  tends  to  indi- 
cate the  existence  of  such  a  metabolic  pool.  In  this  view,  urease  and  the  other  en- 
xymes  of  purine  breakdown  shown  to  be  present  are  to  be  considered  as  factors  in 
the  mobilization  of  nitrogen  for  the  many  syntheses  of  the  sea  urchin  embryos.  An 
interesting  possible  source  of  purine  for  their  action  may  be  ribonucleic  acid,  with 
which  these  eggs  are  richlv  supplied. 

SUMMARY 

1.  The  urease  activity  of  sea  urchin  eggs  and  embryos  has  been  followed  in  vitro 
to  the  pluteus  stage.  The  activity  was  found  to  decline  by  about  30 f/  upon  reach- 
ing the  blaMula  stage,  after  which  it  remains  relatively  constant. 
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2.  Adult  sea  urchin  tissues  were  found  to  contain  urease  of  activity  comparable 
to  that  of  the  eggs  and  embryos. 

3.  The  in  vivo  activity  of  urease  in  fertilized  and  unfertilized  eggs  was  compared, 
with  little  or  no  change  on  fertilization  noted. 

4.  The  in  vivo  activity  was  found  to  be  considerably  lower  than  in  vitro  activity 
when  measured  under  the  same  conditions,  and  evidence  indicates  that  the  in  vivo 
activity  is  limited,  at  least  in  part,  by  the  rate  of  penetration  of  urea  into  the  eggs. 

5.  Of  the  enzymes  usually  involved  in  the  formation  of  urea  from  purines.  xan- 
thine  oxidase,  uricase,  allantoinase  and  allantoicase  are  shown  to  be  present  in  sea 
urchin  eggs,  whereas  adenase  was  not  demonstrable  with  the  method  employed. 

6.  No  ammonia  within  the  range  detectable  by  the  methods  employed  was  lib- 
crated  into  sea  water  by  embryos  during  the  periods  of  20  minutes  to  1 2  hours  after 
fertilization,  and  24  hours  to  60  hours  after  fertilization. 

7.  The  results  suggest  that  urease  and  the  related  enzymes  function  to  add  nitro- 
gen from  purines  to  the  metabolic  ammonia  pool  during  the  pre-feeding  stages  of 
development. 
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CYTOLOGICAL  AND  CYTOCHEMICAL  STUDIES  OF  OOGEXESIS  OF 
POPILIUli  DISJUXCTUS  ILLIGER  (COLEOPTERA-POLYPHAGA) 

JOHN   H.   I).  I'.KVAN  ! 
Department  of  Rialot/y.  Massachusetts  Institute  uf   Tccliiinlin/y.  Cambridge  3V,  Muss. 

The  cytological  events  encountered  in  .studies  of  gametogenesis  pose  many 
problems  of  interest  to  the  cytologist.  Although  studies  of  spermatogenesis  and 
oogenesis  are  of  equal  importance  from  the  biological  viewpoint,  apparently  much 
less  attention  has  been  given  to  the  latter  since  the  early  part  of  the  present  century. 

As  pointed  out  by  \Yilson  (N28),  among  the  more  important  aspects  of 
oogenesis  are  such  problems  as  the  morphological  and  physiological  relations  of  the 
developing  oocyte  to  the  so-called  accessory  cells  associated  with  it,  the  mechanism 
of  oocyte  growth  and  the  formation  of  the  yolk  substance.  The  present  paper  is 
concerned  mainly  with  the  early  development  of  the  oocyte  and  its  relation  to  the 
accessory  cells  of  the  ovary.  Studies  on  the  phases  of  oocyte  growth  and  yolk 
formation  are  in  progress  and  the  results  will  be  published  elsewhere. 

Broadly  speaking,  insect  ovaries  may  lie  classified  into  two  main  types  depend- 
ing upon  the  presence  or  absence  of  so-called  nurse  cells.  Thus  the  panoistic  type 
(nutritive  cells  are  lacking)  is  characteristic  of  the  (  )rthoptera.  <  Monata,  Isoptera 
and  Aphaniptera  while  the  meroistic  type  is  characteristic  of  Coleoptera,  Neu- 
roptera.  Hymenoptera  and  Hemiptera. 

It  the  location  of  the  nurse  cells  is  taken  into  consideration,  then  the  meroistic 
type  may  turther  be-  subdivided  into  the  polytrophic  condition,  where  nutritive  or 
nurse  cells  alternate  with  the  oocytes,  and  the  telotrophic  condition,  in  which  case 
the  nurse  cells  are  confined  to  the  apices  of  the  ovarioles. 

There  is,  however,  some  confusion  in  the  literature  with  respect  to  the  correct 
placing  of  families,  especially  in  the  case  of  the  Coleoptera.  Thus  Imms  (l(M-8), 
following  the  classification  of  Stein  (1847),  considers  the  sub-order  Polyphaga  to 
be  characterized  by  the  telotrophic  condition  and  the  polytrophic  condition  to  be 
characteristic  of  the  sub-order  Adephaga.  <  hi  the  other  hand,  YYigglesworth 
(  L939)  reverses  the  classification  of  Imms  and  Stein  and  in  this  respect  appears  to 
be  following  YYeber  (1(M3).  Finally.  Deegener  (1(>28)  cites  the  Coleoptera- 
Polyphaga  as  possesMng  the  telotrophic  type  of  ovary. 

Hence,  according  to  Imms,  Popilius  disfunctus  should  possess  ovaries  of  the 
telotrophic  type,  while  according  to  Weber  and  Wigglesworth  they  .should  possess 
polytrophic  ovaries.  More  recently,  the  structure  of  the  ovariole  was  investigated 
b\  Krau.se  (  l(M-6)  who  concluded  that  the  ovarioles  were  of  the  tvpical  telotrophic 
type.  The  cytological  observations  reported  below  support  the  conclusion  that  the 
ovarioles  of  f'<>f>ilins  disjiinclns  exhibit  a  modified  telotrophic  condition. 

The  relationship  between  nurse  cells  and  oocytes  has  been  investigated  by  main- 
worker- ;  see  tor  instance'  the  papers  of  (iiardina,  Korschelt,  Xussbaum-1  lilarowicv 

1  Presenl   address:    I  lepartmeiit  <>f  Genetics,    Imva  State  Gillette.   Ames,   I<>\va. 
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(reviewed  in  detail  by  \\'ilson,  1928),  Shaffer  (1920)  and  others.  Such  investiga- 
tions suggested  that  nurse  cells  were  ahortive  ova  specialized  for  the  formation  of 
nutritive  materials  to  supply  the  needs  of  the  developing  egg.  This  problem  \YHS 
re-investigated  in  the  Hemiptera  by  Schrader  and  Leuchtenberger  (1952)  u>ing 
cytochemical  procedures.  Their  findings  showed  that  the  nurse  cells  did  con- 
tribute material  to  the  egg  cytoplasm  and  furthermore  that  this  nutritive  substance 
was  in  part  derived  from  the  desoxyribose  nucleic  acid  (DNA)  of  the  nurse  cell 
nuclei. 

MATERIALS  AND  METHODS 

Specimens  of  Popilius  disjunct  us  Illiger  (Passalidae)  were  obtained  from  a 
biological  supply  house  as  required.  In  addition  a  number  of  Macrodactylus  suh- 
spinosns  Fabricius  (  Scarabaeidae)  were  collected  in  Newton,  Massachusetts,  and 
used  to  supplement  the  studies  on  Popilius  disjitnctns  material.  Both  families  are 
members  of  the  superfamily  Lamellicornia. 

A.  Fixation 

The  gonads  were  dissected  free  of  tracheoles  anfl  fixed  in  Carnoy's  solution 
(3:1)  for  two  hours.  The  tissues  were  washed  several  times  in  absolute  alcohol, 
cleared  in  benzene  and  embedded  in  56-58°  C.  Tissuemat.  Sections  were  cut  at 
10  p.  and  at  5  /*  in  order  to  provide  sections  containing  whole  nuclei  and  thin  sec- 
tions of  nuclei  for  subjection  to  various  cytochemical  procedures.  It  should  be 
pointed  out  that  the  dissections  were  performed  immediately  or  within  three  days 
of  receipt  of  each  shipment. 

B.  Staining 

1.  Xuclcic  acids 

a.  The  Feulgen  reaction.     The  Feulgen  reagent  was  prepared  according  to  the 
method  of  Stowell  ( 1945)  and  sections  were  stained  for  two  hours  at  room  tempera- 
ture following  optimal  hydrolysis  (12  minutes)  in  1  N  HC1  at  60°  C.     All  slides 
were  stained  in  the  same  batch  of  reagent  though  at  different  times. 

b.  Methyl  green  staining.     The  dye  was  first  purified  by  shaking  a  2'',   aqueous 
solution  with  chloroform  until  the  washings  became  colorless.     A  calculated  aliquot 
of  the  purified  dye  solution  was  added  to  the  phenol-glycerin  mixture  as  used  by 
Pollister  and  Leuchtenberger   (194(M    to  give  a  final  dye  concentration  of  0.29 
It  has  been  shown  by  Pollister  and  Leuchtenberger  (1949)  and  by  Alfert   (1952) 
that  pretreatment  of  the  slides  with  hot  reagents  causes  a  lowering  of  the  amount 
of  methyl  green  bound  by  nuclei.     Therefore  the  staining  reaction  was  carried  out 
at  37°   C.  for  I1/-,  hours.     Slides  were  then  rinsed  in  ice-cold  water,  blotted  and 
rinsed  in  tertiary  butyl  alcohol  and  differentiated  overnight  in  fresh  tertiary  butyl 
alcohol.     This   procedure   was   carried    out   in   order   to   insure   chemical    staining 
(Michaelis,  1947). 

c.  Azure  B.     Sections  were  stained  in  0.29^  watery  solution  of  azure  B  at  pH 
4.0  for  3  hours  at  40°   C.,  according  to  the  method  of  Flax  and   I  limes   (1952). 
After  rinsing,  the  slides  were  differentiated  in  the  same  manner  as  for  methyl  green. 

Sections  were  also  stained  by  the  methyl  green  and  azure  procedures  following 
treatment  with  ribonuclease  (see  below). 
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d.  Toluidine  Blue  O.  Preliminary  investigations  of  basic  staining  were  carried 
out  by  staining  sections  for  15  minutes  in  a  0.25/v  aqueous  solution  of  toluidine 
blue  followed  by  a  short  differentiation  in  absolute  alcohol. 

2.  Proteins 

a.  Millon  reaction.  The  reagents  were  prepared  and  used  as  described  by 
I'ollisUT  (  1"50)  ;  see  also  Bryan  (1951). 

1).  Fast  green.  A  0.1  %  solution  of  fast  green  was  prepared  and  used  as  de- 
scribed by  Schrader  and  Leuchtenberger  (1950)  and  by  Bryan  (1951). 

3.  Additional  techniques 

a.  Ribonuclease.     Ribonuclease  was  obtained  from  the  Worthington  Biochemi- 
cal Sales  Company.     The  enzyme  was  boiled  for  five  minutes  in  a  few  drops  of 
saturated  ammonium  sulphate  solution  in  order  to  remove  any  proteolytic  impuri- 
ties.    The  resulting  solution  was  then  diluted  with  redistilled  water  to  give  a  final 
enzyme  concentration  of  0.2  mgm.  per  ml.     Slides  were  exposed  to  the  enzyme 
solution  for  four  hours  at  45°   C.     Control  slides  were  immersed  in  ammonium 
sulphate  solution  (0.2  mgm.  per  ml.)  but  at  the  same  temperature  and  for  the  same 
amount  of  time  as  the  test  slides. 

b.  Periodic  acid-Schiff  reaction    (P.A.S.).     The   reagents   were   prepared   ac- 
cording to  McManus  (1948).     Sections  were  oxidized  with  periodic  acid   (0.5%} 
for  5  minutes,  rinsed  in  distilled  water  and  stained  in  leucobasic  fuchsin  solution 
for  15  minutes.     After  staining  in  the  leucobasic  fuchsin  solution  the  slides  were 
passed  through  a  bleach  bath  (3  changes  of  10  minutes  each)  consisting  of  10  ml. 
of  1  N  HC1,  10  ml.  of  a  10%  K2S2O,  solution  and  180  ml.  of  distilled  water. 

Following  this  treatment  the  slides  were  washed  in  water,  dehydrated  and 
mounted.  In  certain  cases  methyl  green  was  used  as  a  counterstain. 

4.  Photometry 

Measurements  of  the  amount  of  dye  bound  or  the  color  produced  in  the  tissue 
sections  were  made  with  an  apparatus  essentially  the  same  as  that  described  by 
Pollister  and  Ris  (1947)  and  by  Bryan  (1951).  However,  instead  of  a  Weston 
micro-ammeter,  a  General  Electric  micro-ammeter  having  a  sensitivity  of  0.0014 
micro-ampere  per  millimeter  was  used  to  measure  the  photomultiplier  output.  By 
means  of  a  calibrated  Ayrton  shunt  (total  resistance  10,000  ohms)  the  sensitivity 
level  of  the  meter  was  adjusted  to  the  optimal  range  for  recording  the  output  of  the 
photomultiplier  tube.  Interference  filters  were  used  to  isolate  from  the  spectrum 
of  an  AH4  mercury  lamp  the  spectral  lines  used  in  making  photometric  measure- 
ments. Each  line  isolated  was  close  to  the  absorption  maximum  of  the  color  reac- 
tion concerned. 

It  was  necessary  to  compare  data  obtained  from  slides  prepared  at  different 
times.  Therefore,  in  order  to  check  on  the  reproducibility  of  the  reactions  used, 
sections  from  one  ovarv  were  mounted  on  each  slide  and  used  as  a  standard.  The 
extinction  value  of  the  blank  prepared  for  the  Feulgen  reaction  was  found  to  be 
negligible. 

5.  Computation 

The  transmittance  data  were  obtained  by  the  "plug"  method  described  by  Ris 
and  Mirsky  il'i4(>)  and  by  Swift  (1('50).  In  addition,  whenever  warranted,  the 


OOGENESIS  OF  POPILIUS  DISJUNCTUS 


67 


mean  optical  path  (MOP)  of  each  nucleus  was  determined  and  used  in  the  com- 
putations as  described  by  Bryan  (1951).  The  transmittance  data  were  converted 
into  extinction  values  (Iog10  1/T)  and  the  extinction  data  were  computed  as  de- 
scribed by  Bryan  (1951). 

It  is  self-evident  that  the  amounts  of  substance  computed  from  extinction  data 
are  expressed  in  arbitrary  units  which  are,  however,  related  to  the  absolute  amounts 
of  absorbing  substance  present. 

RESULTS 
A.  Cytoloyical  Studies 

Since  there  is  in  the  literature  some  confusion  with  respect  to  the  classification 
of  the  Coleoptera,  based  on  the  structure  of  the  ovariole,  the  cytological  findings 
are  reported  in  some  detail. 

In  Pof'ilhts  disjunct  us  the  typical  number  of  ovarioles  is  two  per  ovary  while 
in  Macrodactylus  snbspinosus  it  is  six.  The  histological  structure  is  essentially 
similar  in  both  species.  Unless  otherwise  indicated,  the  following  observations  are 
based  on  studies  of  Popilius  material. 

Historically  speaking,  each  ovariole  may  be  divided  into  two  major  regions— 
the  germarium  and  the  vitellarium.     A  longitudinal  section  of  an  ovariole  is  de- 
picted in  Figure  1. 
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FIGURE  1.     Longitudinal  section  through  an  ovariole  from  a  mature  adult.     Stained  with 

azure  B.     Photo  100  X. 
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The  germarium 

At  the  apex  of  each  ovariole  the  gennarium  heroines  drawn  out  into  an  at- 
tenuated filament  in  the  lorm  of  a  spiral.  As  may  he  seen  from  Figure  2,  this 
re-ion  in  the  immature  female  presents  a  distinctly  different  appearance  from  the 
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I'K.rRK  2.  Spiral  tip  of  ^rrniariuni  of  an  immature'  adult.  Note  the  masses  of  acidophilic 
inat<  rial.  l;cul«cn  countiT-staiiird  uitli  fast  .urcni.  Photo  1 200  X. 

FIGURE  3.  Similar  region  of  »rnnarium  hut  from  an  individual  a  fc\\  wrcks  older  than  in 
tin-  case  of  Ki.mirc  2.  Stained  with  a/ure  I'..  Photo  d(l()  X. 

FIGURE  4.     Spiral  tip  of  germarium  from  a  hreedin.u   fmiale.      h'eul.nen  stain.     Photo  400  X. 

I'"-1  !<!••  <  to^onial  mitoses  in  tiermarium  of  immature  adult.  l'eul»cii  eounter-stained 

with  fast  green.  I'hoto  3000  X. 
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rest  of  the  germarium.  The  cells  appear  to  surround  large  masses  of  material 
which  stains  strongly  with  acid  dyes  as  well  as  giving  a  positive  Schiff  (P.A.S.) 
reaction. 

In  older  individuals  the  nuclei  are  slightly  smaller  hut  the  chromatin  is  much 
more  homogeneous.     This  condition  is  depicted  in  Figure  3.     The  apical  region 
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FK;URE  6.  The  junction  of  the  spiral  tip  with  the  body  of  the  .nennarium.  Feulgen. 
1200  X. 

FIGURE  7.  Nuclei  from  the  body  of  the  germarium  of  a  young  adult,  showing  partially 
condensed  chromosomes.  Feulgen  stain.  Photo  1700  X. 

FIGURE  8.  Distal  portion  of  germarium  of  a  young  adult.     Feulgen  stain.     Photo  1000  X. 

FIGURE  9.  Proximal  portion  of  germarium  from  same  ovariole  as  in  the  preceding  figure. 

Feulgen  stain.  Photo  1000  X. 
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<>f  an  ovariole  taken  from  a  laying  female  is  illustrated  in  Figure  4.  It  is  readily 
seen  that  the  apical  region  is  now  almost  devoid  of  nuclei.  There  is  no  evidence 
that  this  condition  is  brought  about  by  pycnotic  degeneration  of  the  nuclei. 

In  the  body  of  the  germarium  the  cells  are  small  and  present  a  closely  packed 
appearance;  the  nuclei  are  spherical  and  there  is  but  little  cytoplasm.  Mitotic 
figures  are  abundant  in  this  region  of  the  ovariole  of  sexuallv  immature  females 

j 

(Fig.  5).  Counts  of  oogonial  metaphase  plates  indicate  the  diploid  number  of 
chromosomes  to  be  twenty-six,  as  previously  reported  by  Shaffer  (1917)  and  by 
Smith  (1953).  On  the  other  hand,  examination  of  ovarioles  of  mature  females 
indicated  mitotic  figures  to  be  absent  from  the  germarium. 

Gose  to  the  spiral  tip,  most  of  the  nuclei  exhibit  a  typical  interphase  condition 
(Fig.  6)  ;  however,  nucleoli  are  extremely  small  or  absent.  More  posteriorly,  in 
young  females,  most  nuclei  appear  to  have  been  arrested  in  late  prophase,  the 
chromosomes  being  partially  condensed  and  peripherally  located  (Fig.  7).  Here, 
in  sections  stained  by  the  Feulgen  technique  followed  by  counterstaining  with  fast 
green,  there  may  be  seen  small  globules  or,  occasionally,  thread-like  bodies  which 
stain  with  the  acid  dye.  This  acidophilic  material  is  usually  located  in  the  central 
region  of  the  nucleus. 

While  the  nuclei  at  any  one  level  in  the  germarium  show  a  uniformity  of  size, 
those  in  the  proximal  part  show  an  increase  in  size  such  that  the  average  nuclear 
volume  is  twice  that  of  the  younger  (more  distal)  nuclei — compare  Figures  8 
and  9. 

In  the  sexually  mature  female,  the  oocytes  adnate  to  the  vitellarium  appear  to 
be  undergoing  meiosis  (Fig.  10).  There  is  no  indication  that  development  pro- 
gresses beyond  the  diplotene-diakinesis  stage.  Instead,  the  chromosomes  become 
diffuse  and  cannot  be  identified  clearly.  It  is  at  this  time  that  the  oocyte  enters  the 
growth  phase. 

Tlic  vitellarium 

The  zone  of  transition  between  the  germarium  and  the  vitellarium  is  depicted  in 
Figure  11.  Here  the  enlarging  oocytes  appear  to  be  embedded  in  layers  of  cells 
greatly  elongated  in  a  direction  perpendicular  to  the  long  axis  of  the  ovariole. 

As  the  oocytes  pass  through  this  region  they  often  develop  cytoplasmic  finger- 
like  projections  (Fig.  11).  These  processes  cannot  be  traced  beyond  the  distal 
border  of  the  transitional  zone.  It  would  appear  that  they  may  be  produced  in 
response  to  the  squeezing  effect  of  the  surrounding  cells  on  the  oocyte  cytoplasm 
as  the  egg  cells  move  through  this  zone  into  the  body  of  the  vitellarium. 

In  the  body  of  the  vitellarium  each  oocyte  can  be  seen  to  have  acquired  a  sheath 
of  follicle  cells.  In  the  case  of  the  younger  oocytes,  the  follicle  is  several  cell  layers 
thick  whilst  in  older  oocytes  it  has  been  reduced  to  a  single  layer  of  cells. 

As  the  oocyte  enters  the  growth  phase  there  is  a  marked  increase  in  volume  of 
nucleus  and  cytoplasm.  As  the  nucleus  increases  in  size,  there  is  a  corresponding- 
decrease  in  staining  intensity;  the  mature  nucleus  is  Feulgen-negative  and  does  not 
stain  with  basic  dyes.  There  is  no  evidence  of  marked  nucleolar  activity  during  the 
oocyte  growth  phase.  If,  however,  protein  stains  are  used,  then  it  can  be  seen  that 
the  nucleus  stains  darklv  at  all  times.  As  can  be  seen  from  Figure  11  the  nucleus 

j 

at  first  ha>  a  granular  appearance.     In  older  eggs,  the  protein  stain  is  distributed 
quite  homogeneously  throughout  the  nucleus. 
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Cytological  examination  of  the  germarium  (including  the  spiral  tip)  failed  to 
reveal  any  signs  of  extensive  cellular  degeneration.  No  indications  were  found  of 
the  existence  of  plasmatic  strands  connecting  the  germarium  with  the  developing 
eggs.  In  this  respect  the  ovaries  of  Popilins  differ  markedly  from  the  condition 
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FIGURE  10.  Portion  of  germarium  udnate  to  the  vitellarium,  showing  inciotic  figures. 
Feulgen  counter-stained  with  fast  green.  Photo  1500  X. 

FIGURE  11.  The  zone  of  transition  between  the  germarium  and  vitellarium,  showing  an 
oocyte  with  cytoplasmic  processes.  Stained  with  the  bromphenol  blue-mercury  reagent.  Photo 

soo'x. 

FIGURE  12.  Epithelium  of  the  lateral  oviduct,  showing  polyploid  nuclei;  compare  with 
Figure  13.  Feulgen  stain.  Photo  1200  X. 

FIGURE  13.  Oviduct  epithelium  from  the  same  section  as  figure  12.  Xote  the  clumps  of 
heterochromatin.  Feulgen  stain.  Photo  1200  X. 
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found  in  tin-  Hemiptera.  Subsequent  examination  of  the  Macrod-ictylus  material 
agrees  with  the  observation  made  on  the  l\)f>ilius  material. 

In  the  vitellarium  the  eggs  are  arranged  in  a  single  row.  Posterior  to  the  oldest 
egg  the  ovariole  is  closed  by  a  plug  of  epithelial  cells  which  is  ruptured  at  the  com- 
mencement of  oviposition. 

Kgg-s  from  each  pair  of  ovarioles  are  released  into  the  lateral  oviducts  which  unite 
to  form  the  duct  leading  to  the  exterior.  The  nuclei  of  the  cells  lining  these  ducts 
exhibit  several  interesting  phenomena.  Here  nuclear  volumes  fall  into  several  classes 
simulating  a  polyploid  series.  While  the  smaller  nuclei  tend  to  be  '  omogeneous 
(Fig.  12),  the  larger  nuclei  have  a  markedly  different  appearance  (Fig.  13).  Many 
strands  of  chromatin  may  be  seen  and,  in  most  cases,  they  can  be  traced  to  clumps 
of  heterochromatin  located  close  to  the  inner  surface  of  the  nuclear  membrane. 
Counts  of  these  clumps,  while  somewhat  variable,  correspond  closely  to  the  diploid 
number  of  chromosomes.  The  amount  of  chromatin  in  each  nucleus  would  appear 
to  be  several  times  as  great  as  that  found  in  the  nuclei  of  other  tissues. 

It  is  obvious  from  the  foregoing  observations  that  the  structure  of  the  Popilius 
ovariole  is  quite  different  from  that  encountered  in  the  Hemiptera  and  in  other  in- 
sects possessing  the  telotrophic  type  of  ovariole. 

B.  Cytochemical  findings 

1.  DXA-J'cultjcn 

The  data  obtained  are  summarized  in  Table  I.  The  values  represent  the  mean 
extinctions,  volumes  and  amounts  of  regenerated  Feulgen  dye  per  nucleus.  In  cer- 
tain cases  a  few  nuclei  in  the  sample  measured  were  small  enough  to  warrant  con- 
sidera^ion  of  the  MOP  (see  above)  when  computing  amounts  of  DXA-Feulgen. 
Such  values  are.  in  the  following  table,  indicated  by  a  dagger  (t )  in  the  last  column. 

Measurements  were  also  made  on  spermatid  nuclei  in  order  to  provide  data  to 
be  used  as  a  standard,  since  the  spermatid  nucleus  contains  the  haploid  amount  of 
DXA.  These  data  are  presented  in  Table  I. 

Cytological  examination  of  the  follicle  cell  nuclei  showed  the  chromatin  to  be 
rather  irregularly  distributed.  In  addition,  nuclei  of  follicle  cells  of  older  eggs  are 
extremely  large  and  show  different  degrees  of  flattening.  For  these  reasons  no 
photometric  data  pertaining  to  follicle  cell  nuclei  are  presented  in  this  report. 

2.  Mcth\l  (jrccn 

In  the  present  work  it  was  repeatedly  observed  that  the  cytoplasm  of  oogonia, 
nocytes  and  follicle  cells  was  stained  by  methyl  green.  In  the  case  ot  the  cells  com- 
prising the  body  of  the  germarium  strong  staining  of  the  cytoplasm  was  observed; 
whereas  the  developing  oocytes  in  the  vitellarium,  together  with  the  investing  follicle 
cells,  evinced  much  weaker  reactions.  Overnight  pretreatment  of  slides  in  the  cold 
with  dilute  perchloric  acid  ( (  >gur  and  Rosen,  1950)  abolished  cytoplasmic  staining. 
Complete  suppression  of  cytoplasmic  staining  was  achieved  also  by  the  use  of  the 
en/.yme  ribonuclease  (see  above). 


OOGENESIS  OF  POPILIUS  DISJUNCTUS 


73 


TABLE  I 
DNA-Feulgen  content  of  nuclei 


Tissue  and  stage 

Class 

Xo.  of 
nuclei 
measured 

Mean 
extinction 
Ens 

Mean 
nuclear 
volume 
microns3 

Mean  amounts 
in  arbitrary 
units 

Testis-spermatid 

I  (n) 

21 

0.041 

40.8 

0.53±0.03* 

Ovary:  spira'  tip  of  germarium 

(a)  Immature  o  '  >H 

II  (2n) 

8 

0.096 

54 

1.09  ±0.09 

II-*III 

II  a 

24 

0.132 

60.5 

1.60  ±0.02 

III   (4n) 

10 

0.170 

58.6 

2.14±0.08 

(b)  Mature  adult 

II  (2n) 

16 

0.190 

43.1 

1.12±0.03* 

II—  III 

II  a 

13 

0.143 

44 

1.46±0.03* 

III   (4n) 

2 

0.162 

43.1 

2.05 

Body  of  germarium 

(a)   Immature  adult  Oogoniu 

II  (2n) 

19 

0.086 

70.4 

1.11  ±0.04 

II-*III 

II  a 

20 

0.146 

58.4 

1.73  ±0.02 

III  (4n) 

11 

0.191 

64.6 

2.42±0.08 

(b)   Mature  adult  oocytes  —  distal  por- 

tion of  germarium 

III   (4n) 

20 

0.188 

58.4 

2.27±0.09 

III—IV 

III  « 

? 

0.232 

68.5 

3.13 

IV  (8n) 

3 

0.350 

52.8 

4.96 

Oocytes  —  proximal  portion  of 

germarium 

II  (2n) 

3 

0.090 

52.8 

1.35 

III-*IY 

III  (4n) 

23 

0.126 

106 

2.10±0.09 

III  a 

1 

0.144 

124 

3.09 

Epithelium  of  lateral  oviduct 

II  (2n) 

3 

0.226 

17.5 

1.23 

III  (4n) 

15 

0.269 

30.4 

2.06±0.13 

IV  (8n) 

27 

0.461 

39.9 

4.  31  ±0.14* 

V  (16n) 

29 

0.641 

72.5 

8.86±0.18 

*  MOP  considered. 

3.  Azure  B 

When  used  as  described  by  Flax  and  Hinies  (1952),  azure  B  stains  DNA  ortbo- 
chromatically  blue-green  and  RNA  metachromatically  purple.  As  is  the  case  with 
other  basic  dyes,  azure  B  failed  to  stain  the  nuclei  of  oocytes  contained  within  the 
vitellarium.  The  pattern  of  cytoplasmic  staining,  obtained  with  azure  B,  is  essen- 
tially the  same  as  that  obtained  with  methyl  green.  The  staining  of  the  cytoplasm 
was  completely  abolished  by  a  prior  digestion  of  the  slides  with  ribonuclease. 

4.  Protein  methods 

It  was  found  that  the  masses  of  acellular  material  in  the  spiral  tip  of  the  germar- 
ium stained  quite  strongly  with  fast  green  and  less  intensely  with  the  Millon  reagent. 

In  very  young  oocytes,  before  the  growth  phase  has  commenced,  the  threads  of 
chromatin  stain  quite  strongly  while  the  cytoplasm  is  only  weakly  stained.  In  later 
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oocytes,  the  nucleus  presents  a  more  homogeneous  picture  and,  in  contrast  to  the  re- 
sults obtained  with  basic  dyes,  still  stains  in  an  intense  manner.  In  such  nuclei  the 
individual  chromosomes  can  no  longer  be  identified.  As  stated  earlier,  the  nucleolar 
MMein  does  not  show  signs  of  intense  or  prolonged  activity;  only  in  a  few  older  egg 
cells  have  small  intranuclear  bodies  been  observed.  Studies  on  the  protein  content 
of  oocytes  are  still  going  on  and  the  results  will  be  published  at  a  later  date. 


5.   The  periodic  acid-Scliiff  reaction 


It  was  found  that  in  the  spiral  tip  of  the  germarium  the  acellular  material  which 
stained  strongly  with  fast  green  also  gave  a  strongly  positive  reaction  with  the  Schiff 
reagent.  In  addition,  small  amounts  of  Schiff-positive  material  were  distributed 
throughout  the  body  of  the  germarium  in  an  irregular  fashion.  In  the  cytoplasm  of 
intermediate  oocytes  may  be  seen  Schiff-positive  droplets  and  granules.  These 
structures  are  peripherally  located,  lying  just  below  the  surface  of  the  egg.  They 
are,  therefore,  in  close  proximity  to  the  inner  surface  of  the  surrounding  follicle  cells. 
In  much  older  eggs,  where  the  chorion  is  present,  the  cytoplasmic  Schiff-positive  ma- 
terial is  more  uniformly  distributed.  It  is  also  of  interest  that  the  tunica  propria  and 
the  chorion  give  a  strongly  positive  Schiff  reaction. 

DISCUSSION 
1.  DNA-Fcithicn 

The  germarium.  From  the  data  summarized  in  Table  I  it  may  be  inferred  that, 
in  the  immature  female,  the  body  of  the  germarium  is  essentially  filled  with  oogonial 
cells  multiplying  rapidly  by  mitosis.  The  data  indicate  that  the  oogonial  nuclei 
build  ii]")  their  DNA  content  to  four  times  the  haploid  value  prior  to  division — at 
which  time  the  amount  falls  to  that  of  the  diploid  value.  Similar  findings,  in  vari- 
ous animal  tissues,  have  previously  been  reported  by  Swift  (1950)  and  others. 

The  apical  region  of  the  germarium  presents  a  similar  picture  of  mitotic  activity. 
Often  strands  of  cells  from  the  apical  region  appear  to  interdigitate  with  the  most 
anterior  layers  of  oogonial  cells  contained  within  the  body  of  the  germarium.  The 
close  correspondence  of  the  photometric  data,  together  with  the  cytological  observa- 
tions, suggests  that  the  type  of  nucleus  found  in  each  region  may  be,  in  fact,  identical. 

In  the  case  of  the  mature  female  the  spiral  tip,  though  mitotic  figures  were  ab- 
sent, still  contains  nuclei  which  possess  an  amount  of  DNA  in  excess  of  the  diploid 
value.  As  reference  to  Table  I  shows,  only  two  nuclei  were  found  with  the  Class 
III  amount  of  DNA;  whereas  Class  II  a  (intermediate)  and  Class  II  nuclei  were 
found  in  approximately  equal  numbers.  The  data  show  that  mitotic  activity  con- 
tinues in  this  region  longer  than  in  the  body  of  the  germarium.  Perhaps  the  lack 
of  Class  III  nuclei  is  an  indication  that  mitosis  has,  by  this  time,  slowed  down  or 
erased. 

According  to  Krause  (1947),  early  in  development  a  small  group  of  primordial 
germ  eells  forms  a  knob-like  structure  at  the  distal  tip  of  each  arm  of  the  Y-shaped 
gonad  anlage.  Later  this  knob  gives  rise  to  the  spiral  tip  of  the  germarium.  The 
central  and  basal  portions  of  each  anlage  become  hollowed  out  to  form  the  cylindrical 
egg  tube.  This  result  is  achieved  by  extensive  cellular  degeneration.  Such  degen- 
erative changes  were  not  reported  to  occur  in  the  future  spiral  tip  of  the  germarium. 
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Hence  it  may  well  be  that  most,  if  not  all,  of  the  functional  primordial  germ  cells  are 
separated  from  the  rest  of  the  anlage  very  early  in  development.  Then  it  would 
follow  that  their  derivatives,  the  definitive  oogonia.  as  they  are  formed,  pass  into 
the  body  of  the  germarium  where  they  multiply  still  further. 

It  is  also  possible  that  the  primordial  sex  cells  contained  within  the  knob-like  tip 
of  the  anlage  are  destined  to  become  trophocytes  or  nurse  cells.  Such  an  interpreta- 
tion would  not  be  necessarily  in  conflict  with  the  photometric  data.  It  would  be 
expected  that  such  cells  should  undergo  mitosis,  during  the  time  that  oogonial  divi- 
sions were  taking  place,  in  order  to  supply  adequately  the  later  nutritional  needs  of 
the  oocytes. 

On  purely  structural  grounds,  however,  it  would  appear  that  such  an  interpreta- 
tion should  not  be  given  undue  emphasis  for  it  is  obvious  that  any  nutritive  mate- 
rial, in  order  to  reach  the  growing  egg  cells,  must  diffuse  through  the  entire  body 
of  the  germarium. 

At  the  present  time  it  is  not  possible  to  discount  fully  the  latter  alternative. 
Though  the  presence  of  large  amounts  of  PAS-positive  substance  in  the  apex  of  the 
germarium  is  suggestive  of  a  trophic  function  for  this  region,  it  is  clear  that  the  api- 
cal zone  cannot  play  as  important  a  role  in  this  respect,  as  does  the  end  zone  in  the 
Hemiptera  (see  Schrader  and  Leuchtenberger,  1952).  Such  a  conclusion  is  further 
supported  by  the  absence  of  plasmatic  strands  connecting  the  apical  region  with  the 
developing  oocytes. 

With  respect  to  the  DNA  content,  the  condition  prevailing  in  the  body  of  the 
germarium  of  mature  females  is  quite  different.  The  data  indicate  that,  with  few 
exceptions,  all  the  nuclei  measured  now  have  the  Class  III  amount  of  DNA. 

In  the  case  of  the  proximal  region  three  nuclei,  out  of  a  sample  of  twenty-seven, 
were  found  to  possess  the  diploid  amount  of  DNA.  It  is  possible  that  these  nuclei 
were  the  products  of  recent  mitotic  divisions  and  that  the  DNA  content  had  not  yet 
been  built  up  to  the  final  amount.  It  is  also  possible  that  these  nuclei  may  be  early 
follicle  cell  nuclei  which  were  measured  in  error  although  this  does  not  seem  very 
probable  for  cytological  reasons. 

It  was  also  observed  that  occasionally  nuclei  were  encountered  which  were  stained 
much  more  darkly  than  the  typical  oocyte  nucleus,  but  which  were  of  about  the  same 
size.  In  these  observations  perhaps  lies  the  explanation  for  the  finding,  in  the  ger- 
marium, of  nuclei  possessing  more  than  the  tetraploid  amount  of  DNA.  It  would 
appear  likely  that  such  nuclei,  present  in  small  numbers,  are  abnormal  and  do  not 
give  rise  to  mature  eggs. 

The  I'itcllariuiii.  The  chromatin  of  the  nuclei  of  oocytes  in  the  zone  of  transition 
is  distributed  in  an  irregular  manner.  For  this  reason  it  was  not  possible  to  obtain 
valid  photometric  data. 

It  is  well  known  that  as  the  oocyte  nucleus  increases  in  volume,  the  intensity  of 
the  Feulgen  stain  and  the  degree  of  basophilia  diminish.  Nuclei  of  the  developing 
oocytes  in  the  vitellarium  do  not  stain  with  basic  dyes  and  also  appear  to  be  Feulgen- 
negative.  Results  such  as  these  have  often  been  interpreted  to  mean  that  there  is 
no  DNA  in  the  nuclei  of  oocytes  during  the  phase  of  growth.  It  is  more  probable 
that  the  decrease  in  intensity  of  the  Feulgen  reaction  is  attributable  to  a  "diluting 
effect"  of  the  increasing  amounts  of  protein  in  the  egg  cell  nucleus.  This  problem 
has  been  considered  in  more  detail  by  Alfert  (1950),  and  further  remarks  need  not 
be  made  here. 


76  JOHN    H.   I).   I'.RVAX 

As  pointed  out  earlier,  the  follicle  cell  nuclei  are  not  well  suited  to  photometric 
needs.  It  is  true  that  in  the  case-  of  the  younger  follicles  the  nuclei  are  smaller  and 
the  chromatin  is  fairly  homogeneously  distrihuted.  However,  in  these  cases  it  was 
found  that  there  was  considerable  overlapping  of  nuclei  in  the  sections  prepared. 
Tlie  dearer  of  overlapping  was  such  as  to  preclude  the  carrying  out  of  photometric 
studies.  It  is  of  interest  that,  unlike  the  conditions  obtaining  in  other  insects,  the 
cells  of  tin-  more  mature  follicles  do  not  appear  to  be  multinucleate.  Instead  the 
volume  of  each  nucleus  has  undergone  a  marked  increase  for  it  was  found  that  the 
volumes  of  these  nuclei  were  of  the  order  of  1000  /j.:'. 

The  lateral  oviducts.  Photometric  measurements  of  DNA-Feulgen  were  made 
nil  nuclei  of  the  epithelial  lining  of  the  lateral  oviducts.  The  data  are  presented,  in 
summary  form,  in  Table  I.  It  should  be  pointed  out  that  only  nuclei  in  which  the 
chromatin  was  homogeneously  distributed  were  chosen  for  measurement;  no  attempts 
were  made  to  obtain  data  from  nuclei  such  as  those  depicted  in  Figure  13. 

It  may  be  seen  that  the  epithelial  cell  nuclei  appear  to  contain  amounts  of  ONA 
in  multiples  of  the  Class  II  (  diploid  )  amount.  It  is  also  evident  that  nuclei  con- 
taining the  Class  II  amount  are  very  infrequently  met  with,  while  nuclei  possessing 
the  Class  I\'T  or  Class  V  amount  of  DNA  constitute  the  most  frequent  classes. 

The  data  suggest  that  there  is  a  tendency  for  an  increase  in  DXTA  content  to  be 
accompanied  by  an  increase  in  nuclear  volume.  \Yhether  or  not  a  similar  change 
in  protein  content  occurs  is  unknown  at  the  present  time.  Examination  of  the  tissue 
involved  failed  to  reveal  any  indication  <>f  metaphase  plates  or  other  phases  of  divi- 
sion. It  is.  therefore,  quite  probable  that  the  mechanism  underlying  the  formation 
of  such  nuclei,  possessing  amounts  of  DXA  in  multiples  of  the  diploid  amount,  may 
be  one  of  endomitosis.  That  the  epithelial  cell  nuclei  are  endopolyploid  in  nature 
is  further  supported  by  the  observations  presented  in  the  cytological  section  of  this 
report. 

This  occurrence  of  polyploid  cells  in  insect  tissues  is  not  unique  for,  as  is  well 
known,  endopolyploid  nuclei  have  been  encountered  in  a  variety  ot  insects.  Briefly, 
they  have  been  reported  by  Geitler  (1937)  to  occur  in  various  tissues  of  Gerris  lat- 
eralis  and  similar  findings  have  been  described  by  Berger  (  1938)  with  respect  to 
the  larval  intestine  of  Cnlc.v  pipiais.  More  recently,  \Yhite  (  lc>51  )  has  shown  endo- 
polyploid nuclei  to  be  present  in  the  testicular  envelope  of  certain  grasshoppers. 

It  is  m it  possible  at  the  present  time  to  attach  any  functional  significance  to  the 
present  findings.  Examination  of  the  cytoplasm  of  these  cells  precluded  the  idea 
that  the  epithelial  tissue  may  possess  a  glandular  function.  The  existence  of  poly- 
ploid nuclei  in  the  lateral  oviduct  tissue  is  perhaps  a  cytological  indication  ot  ageing. 

2.  General  considerations 

The  basic  dyes,  axure  B  and  toluidine  blue,  were  used  in  conjunction  with  ribo- 
nuclease  to  study  the  cytoplasmic  basophilia  of  oocytes  and  oogonia.  During  the 
course  of  these  studies  it  was  noted  that  the  acellular  material  in  the  apex  of  the  ger- 
marium  stained,  at  best,  very  faintly  witli  the  dyes  used.  These  observations  indi- 
cate that  the  acellular  material  does  not  contain  large  amounts  ot  RXA. 

It  would  appear  to  be  of  some  significance  that  the  cytoplasmic  basophilia  of  the 
follicle  was  found  to  be  particularly  intense  during  the  periods  of  oocyte  growth  and 
chorion  formation.  It  follows,  therefore,  that  the  follicle  mav  be  instrumental  in 
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supplying  the  growing  egg  with  nutritive  material.  It  would  also  appear  that  fol- 
licle cells  are  intimately  concerned  with  the  formation  of  the  chorion. 

It  is  a  striking  fact  that  in  Popilius,  nucleoli  are  never  very  prominent  components 
of  the  nucleus.  Perhaps  the  variable  form  of  the  nucleoli  may  he  attributed  to  tin- 
absence  of  "effective"  nucleolar  organizing  regions.  Such  a  conclusion  would  not 
be  in  conflict  with  the  observations  since  Heitz  (1931)  has  reported  the  formation 
of  nucleoli  despite  the  fact  that  nucleolar  regions  were  lacking. 

That  the  nucleolar  system,  as  envisaged  by  the  Caspersson  school,  does  not  achieve 
prominence  during  the  period  in  which  oocytes  are  rapidly  increasing  in  size  may 
argue  against  the  idea  that,  in  Poplins,  nucleoli  play  an  important  role  in  the  growth 
process.  At  the  present  time,  however,  the  mechanism  of  oocyte  growth  must  re- 
main an  open  question. 

The  life  history  of  Popilins  has  been  studied  by  Riley  (1872),  Wheeler  (1923), 
Gray  (1946)  and  others.  Oviposition  commences  during  May  and  continues  until 
early  July,  the  peak  of  activity  being  in  June.  According  to  Gray  (1946),  relatively 
few  eggs  are  laid  by  any  one  female.  The  average  number  appears  to  be  of  the 
order  of  thirty-five  and  sixty  appears  to  be  the  maximum. 

From  mid-August  until  late  in  October  immature  red-colored  adults  are  found 
in  the  colonies;  later  than  this,  all  individuals  appear  to  be  the  black-colored  mature 
adults.  It  is  of  interest  that  in  the  present  work,  no  beetles  taken  from  the  colonies 
later  than  August  proved  to  he  the  mature  adults  of  the  previous  spring,  indicating 
that  death  must  occur  shortly  after  the  end  of  the  reproductive  phase. 

Examination  of  the  ovarioles  from  immature  adults  taken  in  late  September  re- 
vealed the  presence  of  developing  eggs  in  the  vitellarium.  Ovarioles  of  immature 
individuals  taken  a  few  weeks  earlier  proved  to  contain  numerous  oocytes  under- 
going meiosis.  The  stages  found  ranged  from  zygotene  to  diakinesis.  It  should 
he  stated  that  the  fixative  used  (Carnoy  3:1)  does  not  preserve  the  meiotic  figures 
well  enough  to  permit  identification  of  the  stages  with  absolute  certainty. 

From  the  foregoing  observations  it  would  appear  that  the  first  eggs  laid  must 
have  been  present  in  the  vitellarium  for  some  months  prior  to  the  breeding  season. 
However,  this  does  not  seem  to  be  the  case,  for  it  was  repeatedly  observed  that  in 
individuals  taken  over  the  winter  months,  the  oldest  eggs  appeared  to  be  undergoing 
degeneration  and  resorption.  In  one  case,  the  posterior  part  of  the  vitellarium  had 
been  invaded  by  phagocytes,  suggesting  that  phagocytosis  may  be  an  important  fac- 
tor in  the  resorptive  process.  It  would  appear  then  that  during  the  winter  months 
mature  females  may  actually  rely  upon  the  almost  mature  eggs  and  their  follicles 
as  a  source  of  supplementary  nutritive  material.  Individuals  obtained  a  few  weeks 
prior  to  the  commencement  of  the  breeding  season  failed  to  reveal  any  indication  of 
degenerative  processes  in  the  vitellarium. 

That  unfavorable  environmental  conditions  may  be  responsible  for  the  degen- 
erative process  is  perhaps  further  suggested  by  the  following  observations.  Ovari- 
oles taken  from  breeding  females  immediately  upon  receipt  appear  to  be  quite  nor- 
mal whereas  indications  of  oocyte  degeneration  are  apparent  if  such  females  are  kept 
under  laboratory  conditions  for  longer  than  ten  days.  In  addition,  there  are  the 
observations  of  Gray  (1946)  to  the  effect  that  under  laboratory  conditions  females 
do  not  lay  for  more  than  six  or  seven  days  and,  furthermore,  the  last  eggs  to  be  laid 
under  such  conditions  are  usually  abnormal  in  appearance. 
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SUMMARY 

1.  The  evtold^v  tit  the  ovarioles  of  Popiliits,  together  with  their  associated  ducts, 
is  described. 

2.  C'ytological  and  cytochemical  studies  of  the  germarium  suggest  that  the  ovari- 
ole  constitutes  a  modified  telotrophic  type. 

3.  Microspectrophotometric  measurements  of  nuclei,  stained  by  the  Feulgen  re- 
action, indicate  that  during  the  interphase  period  oogonial  nuclei  build  up  their  DXA 
content  to  twice  the  diploid  amount  and  that  after  division  the  daughter  nuclei  each 
contain  the  diploid  amount.     The  data  also  indicate  that  in  mature  females  primary 
oocyte  nuclei  contain  the  tetraploid  amount  of  DNA. 

4.  Cytological  observations,  together  with  photometric  measurements,  suggest 
that  the  epithelium  of  the  lateral  oviducts  is  an  endopolyploid  tissue. 
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WATER  FILTRATION  BY  THE  BAY  SCALLOP,  PECTEN  IRRADIANS, 
AS  OBSERVED  WITH  THE  USE  OF  RADIOACTIVE  PLANKTON  x 

WALTER  A.  CHIPMAN  AND  JEAN  G.  HOPKINS 
Shellfish  Laboratory,  U.  S.  Fish  and  Wildlife  Service,  Beaufort,  North  Carolina 

Studies  of  the  movement  of  sea  water  through  the  mantle  cavity  by  lamellibranch 
molluscs  and  the  efficiency  of  the  gills  in  removing  particulate  matter  from  this  flow 
are  of  considerable  interest  to  biologists  concerned  with  investigations  of  the  feeding 
activities  of  these  bivalves.  Only  through  a  more  complete  understanding  of  the 
factors  controlling  the  rate  of  water  propulsion,  the  retention  of  particles  by  the  gills, 
and  the  ingestion  of  filtered  material  can  we  approach  problems  in  the  nutritional 
physiology  of  these  animals. 

The  rate  of  water  propulsion  of  a  number  of  species  of  lamellibranchs  has  been 
reported  by  investigators  using  either  direct  measurement  techniques  or  indirect 
methods  based  on  the  reduction  of  the  number  of  particles  in  a  suspension  in  which 
the  animals  have  been  placed.  Considerable  work  has  been  done  on  the  factors  af- 
fecting the  rate  of  pumping  of  oysters  using  direct  measurements  of  the  rate  of  flow 
following,  in  general,  the  experimental  arrangement  described  by  Galtsoff,  Chipman, 
Hasler  and  Engle  (1938).  The  important  part  of  this  technique  is  the  use  of  an 
"apron"  developed  by  Nelson  (1936).  In  many  lamellibranchs  direct  measurements 
cannot  be  made  and  indirect  methods  have  been  widely  used.  About  the  first  of 
these  measurements  that  may  be  considered  as  truly  quantitative  was  that  of  Fox, 
Sverdrup  and  Cunningham  (1937).  Their  experiments  were  based  on  the  chemi- 
cal determination  of  changes  in  the  calcium  content  of  suspensions  of  calcium  car- 
bonate in  which  Mytilus  californianus  were  placed.  The  use  of  plankton  in  suspen- 
sion with  photoelectric  determination  of  changes  in  concentration  resulting  from  the 
activity  of  the  animals  was  suggested  by  Jjzfrgensen  (1943).  Colloidal  graphite  was 
used  by  him  in  later  studies  (1949a,  1949b,  1952,  1953)  in  measurement  of  condi- 
tions affecting  the  pumping  rate  of  filter-feeding  invertebrates  and  the  relation  of 
this  rate  to  metabolic  activity.  Rao  (1953)  used  these  techniques  to  advantage  in 
his  studies  on  the  rate  of  water  filtration  of  Mytilus  californianus  from  different  lati- 
tudes. 

With  the  availability  of  methods  of  labeling  plankton  cells  with  radioactive  iso- 
topes and  the  extremely  accurate  technique  of  measuring  changes  in  cell  numbers 
based  on  the  detection  of  small  amounts  of  radioactivity  contained  in  such  cells,  it 
seemed  advantageous  to  employ  these  methods  in  studies  of  the  filtration  rates  of 
filter-feeding  invertebrates.  Consequently,  we  have  used  plankton  containing  radio- 
active phosphorus  in  studies  of  the  rate  of  water  propulsion  of  the  bay  scallop,  Pecten 
irradians  Lamarck,  one  of  the  more  active  species  of  lamellibranchs,  which  could  lead 

1  The  work  reported  was  carried  on  as  a  part  of  a  cooperative  project  of  the  U.  S.  Fish  and 
Wildlife  Service  and  the  U.  S.  Atomic  Energy  Commission.  Publication  was  approved  by  the 
Directors  of  these  Agencies. 
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to  further  work  on  the  factors  concerned  with  filtration  rate  and  feeding  in  these  and 
other  related  marine  molluscs. 

MATERIALS  AND  METHODS 

The  scallops  were  collected  from  the  vicinity  of  the  Shellfish  Laboratory  of  the 
U.  S.  Fish  and  Wildlife  Service  at  Beaufort,  North  Carolina.  They  varied  in  size 
according  to  their  age.  They  were  all  of  the  same  year  class,  spawn  of  the  fall  of 
1952,  and  consequently  were  rather  uniform  in  size  for  any  date  of  collecting.  No 
very  small  scallops  nor  very  large  scallops  were  used.  The  smallest  were  those  stud- 
ied in  June  of  1953,  and  the  largest  those  collected  in  October,  1953.  Spawning  of 
some  scallops  took  place  in  the  laboratory  jars  starting  August  7  and  was  observed 
as  late  as  early  October.  The  biology  of  this  species  is  well  covered  in  a  paper  by 
Outsell  (1930'). 

Observations  were  made  on  single  scallops  immersed  in  suspensions  of  plankton 
cells  in  sea  water.  The  volume  of  the  suspension  was  usually  3  liters.  With  the 
small  scallops  a  few  observations  were  made  in  volumes  of  1.5  liters,  while  the  larg- 
est were  tested  in  6-liter  volumes.  The  suspensions  were  well  stirred  by  a  stream 
of  air  bubbles.  It  was  necessary  to  fasten  the  scallops  to  an  L-shaped  glass  rod  to 
prevent  their  swimming  about.  Since  the  scallop  is  very  sensitive  to  the  movement 
of  an  object  in  the  near  vicinity,  the  jars  were  well  enclosed  in  a  wrapping.  When 
not  under  observation,  the  scallops  were  kept  in  running  sea  water. 

The  salinity  of  the  sea  water  in  the  laboratory  ranged  from  31  to  36  parts  per 
thousand,  usually  being  about  34  parts  per  thousand.  Heavy  rains  accompanying 
a  hurricane  in  August  reduced  the  salinity  to  a  low  of  14  parts  per  thousand,  but  no 
observations  were  made  at  the  time  of  low  salinity.  The  sea  water  used  for  prepa- 
ration of  the  suspensions  was  aged  sea  water  and  plankton-free.  It  had  a  salinity 
of  35  parts  per  thousand.  The  scallops  were  not  subjected  to  any  significant  change 
in  salinity  during  the  tests. 

Observations  were  made  at  room  temperature,  which  was  held  relatively  constant 
throughout  the  summer  and  fall.  The  experimental  suspensions  ranged  from  21.9° 
to  25.8°  C.  Variations  during  any  one  period  of  observation  averaged  0.50°  C,  and 
only  twice  exceeded  1.0°. 

Single  species  cultures  of  a  diatom,  Nitsschia  closterium  (56  microns  in  length), 
and  a  flagellate,  a  species  of  Chlamydomonas  (7  microns  in  size),  were  made  radio- 
active from  the  incorporation  of  radioactive  phosphorus,2  P32,  following  the  methods 
developed  at  our  laboratory  (Rice,  1953). 

It  is  not  difficult  to  culture  many  species  of  phytoplankton  so  that  each  cell  is 
highly  radioactive.  These  cells,  when  grown  in  enriched  sea  water  containing  vir- 
tually no  phosphorus  excepting  the  carrier-free  radiophosphorus,  will  take  up  large 
amounts  of  the  isotope.  This  isotope  is  a  useful  one  emitting  only  /?  particles  of 
rather  high  energy  and  very  measurable.  Since  phosphorus  is  one  of  the  major 
nutrients  required,  the  P32  will  be  incorporated  rapidly  into  organic  compounds  with 
little  remaining  in  the  exchangeable  phosphorus  of  the  cells.  With  rapidly  dividing 
cells  grown  in  this  way,  there  is  practically  no  radioactivity  outside  the  cells  in  the 
sea- water  medium. 

2  Obtained  from  the  Oak  Ridge  National  Laboratory  on  allocation  from  the  U.  S.  Atomic 
Energy  Commission. 
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The  concentrated  phytoplankton  cultures,  or  portions  of  them,  were  added  to  the 
aged  sea  water  to  give  the  desired  cell  concentration.  The  number  of  cells  present 
after  dilution  was  calculated  from  measurements  of  aliquots  of  the  concentrated  cul- 
ture using  an  improved  Neubauer  haemocytometer.  Changes  in  the  cell  concentra- 
tion of  the  suspension  were  followed  by  radioactivity  measurements  of  aliquots  re- 
moved at  regular  intervals.  In  some  experiments  samples  were  taken  at  various 
locations  in  the  jar.  No  significant  differences  were  noted,  and  the  measurements 
made  for  each  time  interval  were  averaged.  Control  jars  without  scallops  were  sam- 
pled in  order  to  measure  the  rate  of  settling  of  the  suspensions.  Although  measur- 
able, settling  was  so  slight  as  to  be  negligible.  Since  the  cell  population  after  dilu- 
tion could  be  calculated  from  exact  microscope  counting,  and  the  radioactivity  of  the 
cells  accurately  measured,  any  changes  in  cell  population  could  be  detected  even 
though  extremely  slight.  It  would  be  quite  impossible  to  detect  such  slight  changes 
occurring  in  short  periods  of  time  in  dilute  suspensions  using  electrophotometer  meas- 
urements. In  fact  the  original  starting  concentration  was  often  lower  than  that  which 
would  give  a  measurable  difference  from  ordinary  sea  water  blanks  using  such  equip- 
ment. 

The  radioactivity  of  10-ml.  aliquots  of  the  plankton  suspension  was  measured 
after  the  addition  of  nitric  acid  to  disintegrate  the  cells  and  dilution  to  25-ml.  volumes. 
A  dip  type  Geiger-Muller  (G-M)  counting  tube  was  used  immersed  to  a  fixed  depth 
in  a  50-ml.  centrifuge  tube  and  connected  to  the  conventional  type  sealer.  Necessary 
correction  for  radioactive  decay  of  the  P3-  was  made. 

It  was  originally  thought  that  observations  with  the  G-M  tube  immersed  directly 
in  the  suspension  would  do.  However,  there  was  soon  an  accumulation  of  radio- 
active cells  around  the  tube  even  though  it  was  treated  with  the  non-wetting  agent, 
Desicote.  Another  objection  was  the  limited  time  of  measurement  which  might  not 
provide  enough  counts  to  give  the  desired  accuracy. 

Dilution  of  the  phytoplankton  culture  with  sea  water  to  give  the  experimental  cell 
concentration  was  great  and  very  little  P:i'J  was  in  the  sea  water  of  the  suspension. 
Nearly  all  the  radioactivity  was  within  the  cells.  However,  duplicate  aliquots  of  the 
suspension  were  filtered  through  a  freshly-prepared  barium  sulfate  precipitate  held 
on  a  No.  42  Whatman  paper  and  the  small  amount  of  radioactivity  of  the  filtrate 
averaged  and  subtracted  as  an  additional  background  for  each  observed  reading. 
The  preparation  of  this  very  retentive  filter  was  described  by  Rice  (1953).  Filtra- 
tion at  the  end  of  the  observations  showed  the  radioactivity  measured  was  due  to  the 
presence  of  cells. 

RESULTS 

On  being  immersed  in  an  experimental  phytoplankton  suspension,  the  scallops 
opened  almost  immediately  and  soon  started  to  filter  the  water  through  their  gills. 
This  resulted  in  a  lowering  of  the  cell  content  of  the  suspension.  A  semi-logarithmic 
plot  of  the  cell  concentrations  measured  at  frequent  intervals  throughout  the  period 
of  observations  was  made  to  visualize  these  changes.  Figure  1  shows  examples  of 
the  rate  of  clearing  of  suspensions  of  Chlamydomonas  and  Nitsschia  cells  with  dif- 
ferent concentrations  of  cells  at  the  start  of  the  experiments.  The  rate  of  clearing 
varied,  but  followed  the  same  pattern  in  nearly  all  of  the  tests. 

There  was  a  gradual  increase  in  the  rate  of  reduction  for  a  time  following  the 
immersion  of  the  scallop.  Generally,  (his  took  place  rather  promptly,  although  in  a 
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few  instances  the  decrease  in  cell  number  was  delayed  slightly.  This  gradual  in- 
crease in  rate  of  reduction  of  phytoplankton  cells  at  the  start  of  the  observations 
would  be  expected  since  the  experiments  were  started  with  immersion  in  the  suspen- 
sion. It  was,  of  course,  necessary  for  the  scallop  to  adjust  itself  to  the  new  condi- 
tions and  resume  its  filtering  activities.  There  was  no  delay  from  failure  to  open  as 
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FIGURE  1.  Changes  in  concentration  of  phytoplankton  cells  in  suspensions  with  time  after 
immersion  of  scallops.  Upper  curve  was  with  use  of  Chlaiiiydoinonas  cells,  lower  two  with 
Nitzschia.  The  solid  lines  represent  the  calculated  regression  lines. 

might  occur  in  tests  using  other  lamellibranchs.     Normally  scallops  do  not  remain 
closed  for  any  long  period. 

After  the  initial  changes  in  the  rate  of  particle  reduction,  a  nearly  constant  per- 
centage decrease  of  the  suspended  phytoplankton  took  place.  The  regression  line 
for  the  logarithms  of  the  cell  concentrations  observed  during  this  decrease  was  cal- 
culated by  the  method  of  least  squares  and  drawn  for  each  of  the  experiments.  The 
solid  straight  lines  of  the  graphs  in  Figure  1  represent  the  calculated  regression  lines. 
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The  observed  points  fall  very  close  to  these  lines.  In  some  instances  it  was  possible 
to  draw  a  straight  line  connecting  the  observed  points. 

If  one  assumes  that  the  conditions  of  the  experimental  arrangement  were  satis- 
factory, the  straight  line  decrease  in  the  logarithm  of  the  cell  concentrations  with 
time  fits  the  mathematical  equation  for  a  constant  rate  of  water  filtration  with  com- 
plete removal  of  the  suspended  phytoplankton  from  the  water  filtered  by  the  scallop. 
During  this  time  of  complete  removal,  the  observed  rate  of  decrease  in  cell  concen- 
tration may  represent  the  rate  of  water  filtration  pf  the  scallop.  Changes  in  the  rate 
of  clearing  of  the  suspension  can  be  interpreted  as  resulting  from  changes  in  the 
amount  of  water  filtered.  In  our  experiments  it  seems  likely  that  the  rate  of  clear- 
ing of  the  suspension  was  representative  of  the  rate  of  water  propulsion  of  the  scal- 
lops during  this  period  of  the  observations. 

As  the  observations  were  continued,  the  decrease  in  phytoplankton  became  less 
and  less.  This  resulted  in  a  flattening  of  the  curves.  Although  not  shown  in  Fig- 
ure 1,  the  number  of  cells  in  suspension  gradually  increased  in  instances  where  the 
observations  were  prolonged. 

There  are  a  number  of  factors  concerned  with  determining  the  rate  of  reduction 
of  particles  in  suspensions  in  which  the  scallops  were  immersed  for  observation  of 
their  filtering  activities.  Different  ones  of  these  may  affect  the  rate  at  different  times, 
or  more  than  one  factor  may  be  acting  at  one  time.  The  flattening  of  the  curves  of 
our  observations,  therefore,  may  not  have  resulted  from  a  change  in  the  rate  of  water 
filtration. 

The  decrease  in  rate  of  removal  was  apparently  related  to  time  in  the  suspension. 
It  was  not  related  to  cell  concentration.  Series  of  observations  were  made  starting 
the  scallops  in  concentrations  of  either  NitzscJiia  or  Chlamydomonas  at  which  there 
was  a  previous  leveling-off  in  the  rate  of  removal.  In  each  series  there  was  rapid 
removal  followed  by  a  less  rapid  rate,  regardless  of  the  starting  cell  population.  This 
occurred  even  in  starting  concentrations  of  Nitzschia  cells  of  0.85  per  mm.3  and  in 
which  a  leveling-off  of  the  curve  took  place  at  0.04  cell  per  mm.3. 

Incomplete  mixing  of  the  filtered  water  with  the  unfiltered  suspension  would  re- 
sult in  a  decrease  in  the  observed  rate  of  phytoplankton  removal  that  would  get  less 
and  less  as  the  observations  were  continued.  Changes  in  the  amount  of  stirring  of 
the  suspension  in  the  jar  were  tried.  Even  rather  violent  stirring  did  not  alter  the 
shape  of  the  curves  in  our  experiments.  A  number  of  aliquots  taken  from  various 
locations  in  the  suspension  did  not  appear  to  differ  significantly  from  each  other. 
Although  it  is  realized  that  it  is  virtually  impossible  to  get  the  mixing  required  to 
fully  meet  the  requirement  of  the  mathematical  expression  giving  a  straight  line  de- 
crease, we  believe  that  recirculation  of  filtered  water  through  the  scallop  before 
mixing  was  not  wholly  responsible  for  the  flattening  of  the  curves  we  observed. 

The  decrease  in  the  rate  of  removal  reflected  in  the  flattening  of  the  curves  could 
be  interpreted  as  a  change  in  the  rate  of  water  propulsion  of  the  scallop.  However, 
such  a  change  was  not  apparent.  The  scallops  were  seen  to  be  creating  a  consid- 
erable current  of  water  even  when  there  was  no  appreciable  decrease  in  suspended 
plankton.  This  was  also  true  when  the  cell  concentration  of  the  suspensions  in- 
creased from  a  return  of  phytoplankton  cells  after  earlier  removal.  It  seems  not 
unlikely  that  the  change  in  the  rate  of  clearing  of  the  suspension  was  a  result  of  a 
changed  efficiency  in  the  filtering  by  the  scallop,  together  with  a  return  of  cells  pre- 
viously entrapped  in  the  mucus  of  the  gills. 
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TABLE  I 

Water  filtration  rates  of  scallops 


Liters/hour  filtered 

Range  in  shell 
length 
(mm.) 

Weight  of 
meats 
(gm.) 

Starting 
concentration 
(cells/mm.3) 

Rate  per 
scallop 
(l./hr.) 

Rate  per 
gram 
(l./hr.) 

Nitzschia 
suspensions 

Chlamy- 
domonas 
suspensions 

38-44 

20 

2.3 

21 

4.0 

23 

1.0 

23 

1.9 

32 

3.5 

32 

4.1 

44 

3.4 

50 

5.9 

56 

5.5 

57 

1.0 

Average 

3.3 

3.13 

3.35 

3.26 

0.99 

47-48 

23 

13.8 

34 

7.8 

38 

6.5 

44 

9.9 

78 

8.0 

85 

3.3 

. 

Average 

8.8 

8.22 

8.20 

8.21 

0.93 

54-56 

2.2 

14.7 

4.7 

19.3 

6.4 

10.5 

8.6 

13.3 

11 

5.6 

21 

6.7 

27 

3.5 

31 

8.6 

33 

9.0 

57 

8.5 

Average 

12.7 

10.96 

8.98 

9.97 

0.79 

64-65 

0.85 

9.8 

1.0 

21.6 

7.9 

25.4 

22 

14.0 

22 

16.3 

22 

13.6 

22 

21.5 

34 

6.8 

38 

5.5 

52 

16.6 

59 

10.8 

Average 

20.6 

15.51 

14.72 

0.71 
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If  one  assumes  that  the  scallop  was  filtering  the  suspension  efficiently  with  com- 
plete removal  of  the  suspended  particles,  it  is  possible  to  calculate  the  rate  of  water 
propulsion  by  the  application  of  the  formula  given  by  JoYgensen  (1943).  This  is 

--TJ-'  (log  conco  -•  loe  conc^-M 

conct  =  conco-e        ,  or  m  =  - 

log  e-t 

in  which  M  is  the  volume  of  suspension  in  liters,  in  is  the  quantity  of  water  moved 
in  liters  per  hour,  while  conc()  and  cone*  are  the  cell  concentrations  at  the  initial  time 
and  after  /  hours  of  time.  Undoubtedly  the  rates  obtained  are  not  absolute.  They 
can  only  represent  an  approximation  since  the  original  assumption  made  is  not  likely 
to  be  entirely  correct.  Escape  of  the  plankton  through  the  gills,  if  occurring  as  a 
fixed  percentage  of  the  concentration  in  the  suspension,  would  not  change  the  nature 
of  the  curve  but  would  alter  the  slope.  The  measured  pumping  rate  may  actually  be 
lower  than  the  true  rate. 

In  our  observations  we  can  well  assume  that  the  changes  in  cell  concentration  in 
the  suspensions  represent  efficient  filtration  with  complete  removal  of  the  suspended 
cells  by  the  gills  excepting  for  the  latter  part  of  the  observation  times  when  flattening 
of  the  curves  took  place.  We  have  therefore  calculated  the  rate  of  water  propulsion 
for  the  scallops  for  that  time  after  adjustment  to  the  immersion  during  which  a  semi- 
logarithmic  decrease  in  suspended  phytoplankton  cells  occurred.  The  rates  for  ob- 
servations of  different  sized  scallops  immersed  in  suspensions  of  Nitsschia  or  Chlani- 
ydomonas  at  the  various  concentrations  tested  are  shown  in  Table  I. 

Individual  scallops  in  observations  made  at  different  times  differed  in  their  rate 
of  filtration,  but  under  like  conditions  of  test  the  rates  were  reasonably  uniform. 
The  average  rates  were  the  same  for  experiments  using  either  species  of  phyto- 
plankton for  the  suspended  material.  They  did  not  appear  to  be  related  to  concen- 
tration. As  the  scallops  increased  in  size,  their  rate  of  water  filtration  increased. 
In  June  and  early  July  the  small  scallops  averaged  about  3  liters  per  hour.  Later 
during  the  summer  they  filtered  increasing  amounts,  and  by  fall  were  pumping  an 
average  of  nearly  15  liters  per  hour.  The  maximum  rate  observed  was  25.4  liters 
per  hour  for  a  scallop  measuring  65  mm.  in  length.  We  did  not  determine  the  rate 
of  filtration  of  the  scallops  in  late  fall  or  early  winter  when  the  average  size  of  this 
year  class  was  somewhat  greater. 

Although  the  number  of  observations  was  small,  the  average  rate  of  water  filtra- 
tion per  gram  of  tissue  was  greater  for  the  smaller  scallops  than  it  was  for  the  larger. 
It  is  not  known  what  effect  the  development  of  the  gonads  in  the  late  summer  may 
have  had  on  the  rate  of  filtration. 

DISCUSSION 

The  use  of  radioactive  plankton  cells  for  determination  of  changes  in  the  concen- 
tration of  cells  in  suspensions  in  which  a  filter-feeding  animal  is  placed  is  valuable 
for  studies  of  the  filtering  activities  of  these  animals.  Since  the  cells  can  be  made 
very  radioactive,  it  is  possible  to  use  very  dilute  suspensions.  It  eliminates  the  need 
for  growing  large  quantities  of  plankton  in  culture  for  such  experiments.  The  sus- 
pensions can  be  made  more  comparable  to  normal  sea-water  environments.  Even 
in  a  large  volume  of  suspension  in  relation  to  the  animal  under  observation,  repeated 
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frequent  sampling  with  the  withdrawal  of  small  aliquots  is  possible.  The  accuracy 
of  determining  radioactivity  in  extremely  minute  amounts  allows  very  accurate  esti- 
mation of  cell  numbers.  No  attempts  were  made  in  the  present  study  to  explore  the 
limits  of  determination  of  changes  in  cell  concentrations,  nor  how  few  cells  in  sus- 
pension could  be  measured.  However,  the  radioactivity  of  the  plankton  cells  used 
could  have  been  increased  considerably,  and  larger  aliquots  could  have  been  taken. 
In  all  the  experiments  the  aliquots  were  diluted  for  radioactive  counting  and  a  counter 
with  a  rather  thick  wall  (30  mg./cm.-)  was  used. 

The  rates  of  water  filtration  were  measured  in  cell  concentrations  well  below  those 
that  were  found  by  Loosanoff  and  Engle  (1947)  to  interfere  with  the  pumping  ac- 
tivities of  oysters.  The  concentrations  used  were  within  those  that  the  scallop  might 
encounter  in  nature.  A  short  review  of  the  literature  on  the  estimation  of  phyto- 
plankton  abundance  in  the  sea  is  given  by  Bainbridge  (1953).  Galtsoff  (1949)  pre- 
sents a  discussion  of  blooming  of  plankton  in  the  sea.  He  reports  the  number  of 
Gynmodiniiiiu  in  the  surface  water  in  a  red  tide  off  Florida  as  reaching  a  concentra- 
tion of  56  cells  per  mm.3.  Cole  (1939)  measured  the  phytoplankton  content  of  the 
sea  water  pumped  into  his  experimental  oyster  tanks,  and  Gaarder  and  Sparck 
(1932),  Alvik  (1934),  and  Gaarder  (1938)  report  observations  for  Norwegian 
oyster  pools  and  fjords.  Their  values  range  from  4  to  24  cells  per  mm.3.  Recently, 
in  Great  Pond,  Massachusetts,  a  tidal  estuary,  Hulburt  (personal  communication) 
observed  a  range  of  phytoplankton  from  1.8  to  24  cells  per  mm.3  in  carefully  counted 
samples  through  different  seasons.  For  more  open  waters,  Riley  (1941)  states  that 
the  range  he  found  on  Georges  Bank  from  September,  1939  to  June,  1940  was  from 
0.15  to  85  phytoplankton  cells  per  mm  A  Except  for  most  unusual  situations,  di- 
atoms generally  are  not  as  abundant  as  flagellates  and  smaller  nannoplankton.  The 
importance  of  nannoplankton  in  the  food-chain  cycles  of  the  sea  has  now  become  rec- 
ognized. It  is  likely  that  the  normal  population  of  diatoms  in  the  sea  is  about  0.5 
cell  per  mm.3  (Hardy  and  Gunther,  1935).  It  can  be  seen  that  the  cell  concentra- 
tions used  in  our  experiments  may  not  be  excessively  high,  with  the  possible  excep- 
tion of  some  in  which  the  diatom  Nitsschia  was  employed. 

Although  the  indirect  method  of  measuring  the  rate  of  water  filtration  of  lamelli- 
branch  molluscs  has  been  used  in  a  number  of  studies,  only  in  two  papers  has  de- 
tailed information  as  to  the  changes  in  the  rate  of  particle  reduction  during  the  time 
of  observation  been  given.  Fox,  Sverdrup  and  Cunningham  (1937)  show  data 
indicating  a  semi-logarithmic  decrease  in  suspended  calcium  carbonate  with  time  of 
observation  in  experiments  using  the  California  mussel.  Such  a  decrease  indicates 
complete  removal  of  the  suspended  material  from  the  water  filtered  by  the  mussels 
and  a  rate  of  filtration  relatively  constant  for  the  time  of  measurement.  They  did 
observe,  however,  in  certain  preliminary  experiments  a  gradual  decrease  in  the  rate 
of  reduction  with  time.  This  did  not  take  place  in  later  experiments  when  adequate 
stirring  was  provided  to  minimize  the  effect  of  recirculation  of  filtered  water  through 
the  mussels. 

J^rgensen  (1949a)  compared  the  rate  of  water  filtration  of  the  mussel,  Mytilus 
cditlis,  when  immersed  in  suspensions  prepared  with  colloidal  graphite,  the  diatom 
Nitzschia,  and  three  species  of  flagellates.  Changes  in  the  concentration  of  the  sus- 
pensions were  determined  photometrically.  The  rates  of  filtration,  calculated  on 
the  reduction  of  suspended  material,  varied  with  the  type  of  particle  used  and  often 
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changed  during  the  period  of  observation.  In  his  experiments  using  graphite  par- 
ticles, there  was  a  gradual  decrease  in  the  rate  of  clearing ;  the  rate  at  the  beginning 
of  the  experiments  was  greater  than  at  the  end.  In  a  few  observations  in  which  the 
phytoplankton  constituted  the  suspended  material,  there  was  also  a  decrease  in  the 
rate  of  clearing  of  the  suspensions.  For  most  experiments  using  plankton  cells, 
however,  he  found  the  rates  constant  or  increasing  during  the  tests.  In  many  in- 
stances he  reports  the  rate  at  the  end  as  being  greater  than  at  the  start. 

In  our  observations  on  the  rate  of  clearing  of  suspended  phytoplankton  cells  by 
the  scallop  we  found,  as  did  Jp'rgensen  for  Mytilus,  an  increasing  rate  of  clearing 
after  the  start  of  observations.  This  was  followed  by  a  time  during  which  the  rate 
was  relatively  constant.  However,  in  our  experiments,  as  we  continued  the  observa- 
tions further  there  was  a  lessening  of  the  rate  of  removal  of  phytoplankton  cells  simi- 
lar to  the  change  observed  by  Jp'rgensen  when  suspended  graphite  particles  were 
used.  Later,  if  the  observations  were  still  further  continued,  there  was  an  increase 
in  the  number  of  cells  in  suspension. 

The  pelecypods  are  able  to  change  the  efficiency  of  their  gills  as  a  filtering  organ. 
They  form  a  mucous  coat  over  the  gill  surface  which  results  in  efficient  particle  reten- 
tion. The  importance  of  the  mucous  coating  in  the  feeding  activity  of  lamellibranchs 
has  been  stressed  by  MacGinitie  (1941).  There  is  also  a  possible  change  in  pore 
size  by  regulation  of  the  ostea  of  the  gills.  Galtsoff  (1928)  observed  that  a  great 
number  of  bacteria  added  to  the  sea  water  were  not  retained  by  the  gills  of  the  oyster. 
Similar  findings  of  variations  in  the  retention  of  bacteria  by  oysters  were  reported 
in  more  recent  work  using  millipore  filters  (Galtsoff  and  Arcisz,  1953).  Loosanoff 
and  Engle  (1947)  observed  great  variations  in  the  numbers  of  Chlorella,  Nitzschia, 
and  Euglena  removed  by  the  gills  of  oysters  at  different  times.  Jp'rgensen  (1949a) 
interprets  the  changes  he  observed  in  the  clearing  of  graphite  suspensions  by  Mytilus 
as  probably  due  to  the  change  in  efficiency  of  the  gill  with  a  stopping  of  the  secretion 
of  mucus  if  the  particles  in  suspension  were  unsuitable  for  food  or  the  animal  dis- 
turbed. The  efficient  removal  of  the  phytoplankton  cells  was  explained  in  the  light 
of  an  entrapment  in  the  mucous  sheet.  Jp'rgensen  and  Goldberg  (1953)  present 
data  showing  that  the  graphite  particles  used  in  their  experiments  \vere  retained  al- 
most completely  in  the  filtering  organs  of  the  lamellibranchs  and  the  ascidians  tested. 

In  our  experiments  with  the  scallop,  it  seems  that  the  changes  in  the  rate  of 
clearing  of  the  suspensions  of  phytoplankton  cells  probably  were  directly  related  to 
the  efficiency  of  the  gills.  There  was  an  apparent  complete  removal  of  the  cells 
from  the  filtered  water  after  the  scallops  had  become  adjusted  to  the  conditions  of 
the  experiment.  It  seems  likely  that  there  was  formation  of  a  mucous  coat  which 
allowed  complete  retention  of  the  cells  in  the  gills.  As  the  experiments  progressed, 
there  was  a  return  from  the  mucus  to  the  suspension  of  cells  previously  removed. 
This  return  took  place  in  increasing  amount.  There  may  also  have  been  a  lessening 
in  the  efficiency  of  the  gills  in  removing  suspended  cells.  It  would  be  unwise  to 
ignore  entirely  the  possibility  that  the  conditions  of  experimental  arrangement  had 
no  influence  on  the  observed  changes  in  the  rate  of  clearing  of  the  suspensions.  It 
is  almost  impossible  to  have  the  exact  mixing  of  the  filtered  water  with  the  unfil- 
tered  suspension  required  to  present  the  scallop  with  the  properly  diluted  suspension 
each  moment. 
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The  filtration  rate  may  not  indicate  a  true  feeding  rate,  for  removal  of  the  cells 
from  the  suspension  may  not  result  in  ingestion  by  the  scallop.  Considerable  work 
remains  to  be  clone  on  the  role  of  the  mucous  coat  in  filtration  and  feeding  activities. 
The  factors  concerned  with  changes  in  the  secretion  of  mucus  and  those  governing 
sorting  for  ingestion  of  filtered  material  need  further  investigating. 

The  complete  removal  of  the  suspended  plankton  cells  from  the  water  filtered  by 
the  scallop  allows  the  use  of  measurements  of  the  rate  of  particle  reduction  to  serve 
as  a  means  of  calculating  the  rate  of  water  propulsion.  This  indirect  method  is 
valuable  when  methods  of  direct  measurement  of  the  flow  are  not  feasible. 

There  were  no  apparent  differences  in  the  rate  of  water  filtration  of  the  scallops 
when  immersed  in  suspensions  of  phytoplankton  cells  of  different  concentrations. 
Loosanoff  and  Engle  (1947)  found  that  the  water  filtration  of  the  oyster  was  re- 
duced when  exposed  to  heavy  suspensions  of  micro-organisms.  They  observed  no 
effects,  however,  when  the  concentrations  were  light  and  more  comparable  to  those 
\vhich  may  be  expected  to  occur  in  natural  marine  waters.  Although  the  threshold 
concentration  for  effect  varied  with  the  size  of  the  species  employed,  the  values  found 
were  high.  They  reported  that  oysters  were  able  to  reduce  the  population  of  plank- 
ton to  concentrations  below  this  threshold  rather  rapidly  in  small  containers  and 
then  were  able  to  clear  the  suspension  normally.  It  is  conceivable  that  the  concen- 
trations used  in  our  experiments  exceeded  the  effective  concentration  threshold  that 
would  interfere  with  the  rate  of  water  filtration  of  the  scallops  and  the  small  volume 
of  the  suspensions  used  enabled  the  scallops  to  reduce  the  cell  numbers  rapidly  to  a 
point  below  this  threshold.  If  such  were  the  case,  we  would  have  failed  to  observe 
the  effects  of  concentrations  above  this  threshold  on  the  rate  of  water  filtration.  It 
would  be  possible  to  increase  the  volume  of  the  experimental  suspension  greatly  and 
provide  adequate  mixing.  The  scallops  then  would  reduce  the  population  of  plank- 
ton cells  more  slowly  and  be  exposed  to  high  concentrations  for  greater  times.  The 
use  of  radioactive  plankton  would  still  allow  the  measurement  of  slight  changes  in 
cell  numbers.  It  would  be  interesting  to  observe  if  thresholds  of  cell  concentrations 
affecting  the  filtration  rate  existed  that  were  within  those  concentrations  that  the 
scallop  might  encounter  in  nature.  In  low  densities  the  rates  were  not  markedly 
increased  or  decreased  over  those  in  higher  concentrations.  This  is  in  agreement 
with  JoYgensen's  observation  (J^rgensen,  1952)  that  filtration  rates  were  not  influ- 
enced by  low  concentrations  of  available  food  in  lamellibranchs  and  ascidians. 

j 

In  our  observations  the  scallops  were  found  to  have  a  rather  high  rate  of  water 
propulsion.  This  rate  was  greater  for  the  larger  scallops  than  for  the  smaller.  Al- 
though the  large  scallops  pumped  greater  quantities  of  water  through  the  gills  than 
did  the  small  ones,  the  average  pumping  rate  per  gram  of  tissue  in  the  larger  was 
somewhat  less.  Our  observations  were  based  on  a  single  year  class  followed  as  they 
grew  to  an  age  of  12  to  14  months.  During  this  time  there  was,  of  course,  develop- 
ment of  ripe  gametes,  which  may  influence  the  rate  as  measured  for  the  larger  scal- 
lops, causing  it  to  be  somewhat  high.  Similar  relationships  of  rate  of  pumping  to 
size  were  reported  for  mussels  by  J^rgensen  (1943,  1949a),  Fox,  Sverdrup  and 
Cunningham  (1937),  Willemsen  (1952),  and  Rao  (1953). 

If  we  consider  the  data  available,  it  appears  that  the  adult  oyster  (Crassostrea 
virginica}  of  about  4  or  5  years  of  age  at  summer  temperatures  probably  has  a  water 
propulsion  rate  of  about  12  to  14  liters  per  .hour  (Galtsoff,  Chipman,  Engle  and 
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Calderwood,  1947;  I  .oosanoff  and  Nomejko,  1946;  and  Jp'rgensen,  1952).  Al- 
though actual  data  an-  not  available,  the  oysters  used  probably  weighed  somewhat 
more  than  12  to  14  grams.  This  would  mean  that  the  oyster  has  a  rate  of  water 
propulsion  a  little  less  than  one  liter  per  hour  per  gram  of  body  weight.  This  is 
about  the  rate  observed  by  us  for  the  bay  scallop.  For  the  large  mussel,  Mytilns 
calijornianus,  Rao  (1953)  shows  data  indicating  that  at  20'J  C.  the  animals  from  30 
to  70  grams  had  a  pumping  rate  of  5  to  6  liters  per  hour,  and  a  rate  per  gram  of  only 
0.1  and  0.2  liter  per  hour.  Evidently  this  animal  has  a  much  lower  rate  of  water 
propulsion  than  either  the  bay  scallop  or  oyster.  For  Mytilns  cdulis,  the  rates  per 
animal  for  small  individuals  at  22°  were  about  0.16  liter  per  hour  and  for  larger 
from  0.3  to  0.4  liter  per  hour  (Jdrgensen,  1949a).  For  large  individuals  (70  to 
SO  mm.  in  length),  at  temperatures  from  11.8  to  14.7°  C.  an  average  of  1.8  liters  per 
hour  was  found  by  Willemsen  (1952).  It  seems  likely  that  Mytilns  cdulis  may  have 
a  rate  similar  to  that  of  Mytilns  calijornianus.  The  cockle,  Cardimn  cdulc,  was 
found  by  Willemsen  (1952)  to  have  a  rate  of  about  0.5  liter  per  hour  for  individuals 
of  30  to  40  mm.  in  length  at  temperatures  from  17.3  to  19.5°  C.  This  would  indi- 
cate that  sea  mussels  and  cockles  have  a  rate  of  water  propulsion  per  gram  much 
less  than  either  the  bay  scallop  or  oyster. 

Jo'rgensen  (1952)  has  related  the  filtration  rates  of  several  filter-feeding  inverte- 
brates to  their  oxygen  consumption.  According  to  his  findings  there  is  a  quite  uni- 
form ratio  between  the  two  in  all  such  forms.  In  view  of  the  fact  that  the  bay  scal- 
lop has  a  rapid  rate  of  growth  and  is  a  very  active  animal,  it  is  not  surprising  that 
the  rate  of  water  filtration  is  rather  high.  The  oxygen  consumption  has  not  been 
determined,  but  it  is  likely  to  be  also  high,  and  may  have  the  same  relation  to  filtra- 
tion rate  that  Jprgensen  found  for  related  animals. 

SUMMARY 

1.  The  water  filtration  by  the  bay  scallop,  Pectcn  irradians,  was  studied  by  fol- 
lowing the  clearing  of  suspensions  of  plankton  cells  that  had  been  made  radioactive. 
The  use  of  radioactivity  measurement  techniques  for  such  studies  of  the  rate  of 
water  propulsion  of  filter-feeding  invertebrates  by  the  indirect  method  allows  detec- 
tion of  slight  changes  in  cell  numbers  in  dilute  suspensions  and  is  advantageous  for 
investigation  of  the  feeding  activities  of  lamellibranch  molluscs. 

2.  The  scallops  were  observed  to  filter  the  water  passed  through  their  gills  very 
efficiently  with   apparently   complete   retention   of   Chlamydomonas  and   Nitzschia 
cells  after  adjustment  to  the  immersion  in  the  suspensions.     The  rapid  rate  of  de- 
crease of  suspended  plankton  was  not  continued,  however,  for  there  was  evidence 
of  a  decrease  in  the  efficiency  of  the  gills  and  increasing  return  to  the  suspension  of 
phytoplankton  cells  previously  removed. 

3.  The  bay  scallop  has  a  relatively  high  rate  of  water  propulsion,  probably  cor- 
related with  its  rapid  rate  of  growth  and  active  mode  of  life.     The  average  rate  for 
.-mall  scallops,  38-44  mm.  in  length,  was  3.26  liters  per  hour.     The  largest  scallops, 
about  12  to  14  months  of  age  and  measuring  64—65  mm.  in  length,  averaged  14.72 
liters  per  hour.     The  maximum  rate  observed  was  25.4  liters  per  hour.     The  smaller 
scallops  had  a  rate  of  about  one  liter  per  hour  per  gram  of  tissue,  whereas  the  older 
scallops  pumped  an  average  of  about  0.7  liter  per  hour  per  gram. 
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ON  THE   DISTRIBUTION   OF   A   MARINE   CLADOCERAN,   PENILIA 
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The  marine  cladoceran,  Penilia  avirostris  Dana,  is  a  member  of  the  surface 
plankton  found  in  warm  and  temperate  coastal  waters  at  widely  scattered  points 
throughout  the  world.  Its  recent  regular  appearance  in  the  waters  around  Woods 
Hole,  Massachusetts,  far  to  the  north  of  its  previously  supposed  temperature  limits, 
has  prompted  the  writing  of  the  present  paper.  From  a  survey  of  the  literature  it 
was  found  that  the  reported  distribution  of  Penilia  poses  a  number  of  problems  of 
exceptional  interest.  These  problems  are  here  discussed,  and  the  results  are  re- 
ported of  certain  observations  made  on  living  specimens  of  Penilia  at  Woods  Hole. 
No  very  definite  conclusions  have  been  reached,  but  it  is  hoped  that  other  investi- 
gators will  continue  the  study,  since  Penilia  would  appear  to  be  an  organism  offering 
certain  special  advantages  to  the  student  of  plankton  distribution. 

COLONIZATION  OF  THE  SEA  FROM  FRESH  WATER 

Of  all  planktonic  marine  organisms  Penilia  is  perhaps  the  easiest  to  identify,  for 
it  is  the  sole  marine  representative  of  the  cladoceran  tribe  Ctenopoda,  characterized 
by  six  similar  pairs  of  filter-feeding  trunk  appendages  enclosed  by  a  bivalve  carapace. 
Indeed  even  in  the  related  tribe  Anomopoda  (in  which  the  trunk  appendages  are 
not  all  alike)  there  are  no  marine  representatives,  other  than  Bosmina  maritima, 
found  only  in  the  Baltic.  Two  other  cladoceran  genera,  Podon  and  Evadne,  are 
marine,  but  are  members  of  the  aberrant  family  Polyphemidae,  in  which  the  much 
reduced  carapace  does  not  cover  the  somewhat  leg-like  trunk  appendages.  At  the 
present  time  only  a  single  species  of  Penilia  is  recognized  (see  Steuer,  1933a),  so 
that  the  task  of  picking  Penilia  out  from  a  plankton  sample  can  be  assigned  to.  any- 
one capable  of  using  a  microscope. 

Among  the  many  hundred  species  of  filter-feeding  Branchiopoda,  Penilia  alone 
is  truly  marine.  Yet  in  the  other  classes  of  free-swimming  Entomostraca,  namely 
the  Branchiura,  Ostracoda,  and  Copepoda,  we  find  a  much  more  even  distribution 
of  species  between  marine  and  fresh  water  habitats.  One  might  infer  that  perhaps 
it  is  the  possession  of  leaf-like  trunk  limbs,  or  "phyllopodia,"  which  has  tended  to 
exclude  Branchiopoda  from  marine  environments.  Storch  (1925)  and  others  have 
pointed  out  that  the  effective  shape  of  phyllopodia,  and  indeed  of  other  parts  of  the 
body  in  these  animals,  is  dependent  on  the  pressure  of  the  blood  in  the  hemocoel. 
In  a  fresh  water  environment  this  pressure,  or  state  of  turgor,  can  be  maintained 
by  a  simple  osmotic  inflow  of  water.  In  salt  water,  maintenance  of  the  turgor  would 
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be  more  difficult.  Despite  this  fact,  however,  there  are  a  few  species,  in  each  of  the 
four  orders  of  Branchiopoda  (Anostraca,  Notostraca,  Conchostraca,  and  Cladocera), 
which  have  colonized  saline  pools  (see,  for  example:  Mathias,  1937;  Packard,  1883, 
p.  369;  Parenzan,  1932).  In  the  case  of  the  anostracan,  Artemia,  Kuenen  (1939) 
has  shown  that  the  blood  is  always  hypotonic  to  the  surrounding  saline  medium ; 
the  turgor  of  the  blood  in  this  animal  has  to  be  maintained  by  an  active  transfer  of 
water  against  the  osmotic  gradient ;  if  the  animal  becomes  unhealthy  it  soon  loses 
its  plump  appearance  and  shrinks  in  volume.  In  the  case  of  the  cladoceran,  Daphnia 
magnet-,  which  can  be  acclimatized  to  quite  high  salinities,  the  blood  is  kept  hyper- 
tonic  to  the  surrounding  medium,  thus  favoring  an  osmotic  inflow  of  water  (Krogh, 
1939). 

Although  thus  able  to  withstand  high  salinities,  these  Branchiopoda  which  can 
live  in  saline  pools  have  never  been  successful  in  colonizing  the  sea.  They  are 
adapted  to  life  in  shallow,  often  temporary  waters,  and  seem  unable  to  survive  in 
the  very  different  conditions  met  with  in  the  ocean. 

The  ancestor  of  Penilia  must  have  migrated  from  fresh  water  to  the  sea  through 
some  favorable  river  estuary.  Its  closest  relatives,  including  especially  the  genus 
Sida  (see  Lochhead,  1936-7),  live  chiefly  in  lakes  rather  than  in  small  pools.  As 
in  other  filter-feeding  Branchiopoda,  the  shape  of  the  phyllopodia  and  other  parts 
of  the  body  in  Penilia  doubtless  depends  on  the  maintenance  of  internal  turgor. 
Specimens  of  Penilia  which  have  sunk  to  the  bottom  of  a  container  have  a  bedrag- 
gled appearance,  in  contrast  to  the  plump  specimens  still  swimming  actively  in  the 
water  above.  It  is  not  known  whether  the  internal  turgor  is  achieved  by  an  active 
transport  of  water,  as  in  Artemia,  or  by  keeping  the  blood  hypertonic,  as  in  Daphnia. 
Fox  (1952)  reports  that  Penilia,  in  common  with  other  small  Crustacea,  constantly 
ingests  water,  through  both  the  mouth  and  the  anus.  Much  of  the  ingested  water 
seems  to  be  absorbed,  but  Fox  doubts  that  this  is  the  primary  mechanism  for  main- 
tenance of  internal  turgor. 

Podon  and  Evadne  do  not  have  phyllopodia,  their  limbs  being  more  like  those 
of  ostracods.  It  may  be  that  the  shape  of  these  animals  is  not  so  dependent  on 
internal  turgor  as  in  other  Branchiopoda.  In  this  connection  it  is  perhaps  signifi- 
cant that  in  the  family  Polyphemidae,  to  which  Podon  and  Evadne  belong,  there 
are  more  species  in  salt  than  in  fresh  water. 

Penilia,  Podon  and  Evadne  share  in  common  two  features  of  the  reproductive 
system  that  are  not  found  in  a  majority  of  other  Cladocera.  Perhaps,  therefore, 
these  are  features  that  in  some  way  have  proved  helpful  in  the  colonization  of  the 
sea,  though  in  just  what  way  is  not  very  evident.  The  fertilized,  resting  eggs  have 
thick  shells,  and  are  not  enclosed  in  a  protective  "ephippium."  The  eggs  which 
develop  parthenogenetically  are  small,  almost  devoid  of  yolk,  and  during  embryonic 
development  increase  greatly  in  size  by  absorption  of  a  nutritive  fluid  secreted  by 
the  mother  into  the  brood  sac.  This  last  feature  is  characteristic  of  both  fresh 
water  and  marine  Polyphemidae,  but  it  is  not  known  for  any  Ctenopoda  other  than 
Penilia  (Storch,  1925;  Sudler,  1899).  Perhaps  it  is  no  more  than  a  coincidence 
that  the  same  feature  is  found  also  in  the  anomopod  genus  Moina,  species  of  which 
are  among  the  Cladocera  most  frequently  encountered  in  saline  pools. 
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SPORADIC  AND  DISCONTINUOUS  DISTRIBUTION 

Information  available  to  date  indicates  that  Penilia  has  an  extremely  sporadic 
and  discontinuous  distribution.  It  has  been  recorded  from  the  shores  of  every 
continent,  frequently  in  tremendous  numbers,  but  from  widely  separated  points  and 
often  only  during  a  single  season.  At  Beaufort,  North  Carolina,  Sucller  found 
Penilia  in  June,  1896,  in  such  numbers  as  to  clog  a  net  towed  for  only  a  few  meters 
through  the  water.  Not  until  1931  was  Penilia  again  recorded  from  our  Atlantic 
coast,  when  it  was  taken  off  New  Jersey  (Bigelow  and  Sears,  1939).  Dr.  R.  E. 
Coker  very  kindly  informs  me  that  he  later  found  a  single  specimen  in  plankton 
taken  outside  Beaufort  Inlet,  in  January,  1949,  and  that  a  number  of  specimens  were 
taken  there  towards  the  end  of  1953.  At  Naples,  Italy,  Penilia  was  unknown  until 
1922,  when  Caroli  found  it  throughout  the  summer,  the  population  becoming  so 
large  in  late  August  as  to  form  practically  the  entire  surface  plankton.  In  this 
case  the  population  became  established,  and  Penilia  has  since  reappeared  at  Naples 
in  large  numbers  each  summer  (Cattley  and  Harding,  1949).  In  the  waters  off 
Sydney,  Australia,  Penilia  has  been  recorded  on  various  occasions  since  1894,  and 
recently  its  volume  there  was  so  great  (0.85  ml./m.*)  as  to  constitute  the  richest 
haul  of  non-salp  plankton  taken  in  Australian  waters  (Sheard,  1949).  This  com- 
pares with  the  best  hauls  of  non-salp  zooplankton  commonly  taken  in  temperate 
northern  waters,  although  volumes  of  over  5  rnl./m.3  have  been  recorded  (Clarke 
and  Bishop,  1948). 

Further  examples  could  be  cited,  but  enough  has  been  said  to  show  how  sud- 
denly Penilia  may  appear,  and  the  abundance  it  may  attain.  The  periods  of  abun- 
dance are  always  associated  with  a  high  rate  of  ovoviviparous  parthenogenesis,  as 
in  other  Cladocera,  but  the  fluctuations  must  be  correlated  with  as  yet  unknown 
environmental  factors.  Since  Penilia  can  be  so  easily  identified,  has  a  direct  de- 
velopment uncomplicated  by  larval  stages,  and  has  feeding  habits  that  are  reason- 
ably well  known  (Lochhead,  1936-7),  it  should  be  a  favorable  species  for  a  study 
of  factors  underlying  such  seasonal  fluctuations  in  abundance  as  are  discussed  by 
Sears  and  Clarke  (1940). 

An  incomplete  summary  of  the  discontinuous  world  distribution  of  Penilia  has 
been  given  by  di  Caporiacco  (1938).  Additional  records  will  be  found  in  some 
of  the  references  listed  at  the  end  of  the  present  paper.  No  simple  explanation  is 
evident  for  this  discontinuous  distribution,  nor  for  the  sporadic  appearances  of 
Penilia.  In  the  case  of  fresh  water  Cladocera,  examples  of  the  same  kind  can  be 
explained  by  assuming  a  chance  distribution  of  resting  eggs,  especially  on  the  feet 
of  birds,  to  isolated  bodies  of  water.  Coastal  waters  of  the  oceans  are,  however, 
continuous,  and  opportunity  for  the  resting  eggs  of  Penilia  to  become  attached  to 
the  feet  of  birds  would  not  appear  to  be  great.  The  resting  eggs  of  Ctenopoda  and 
Polyphemidae  are  generally  said  to  be  cast  loose  into  the  water.  Weismann  ( 1877) 
found  those  of  fresh  water  species  lying  at  the  bottom  of  aquaria.  It  also  has  been 
supposed  that  the  resting  eggs  of  Penilia,  Podon,  and  Eradne  sink  in  sea  water 
(Bigelow  and  Sears,  1939;  Friedrich,  1952).  However.  Jorgensen  (1933-4)  found 
the  resting  eggs  of  Evadnc  nordmanni  in  surface  plankton,  enclosed  in  the  parental 
exuviae.  She  suggests  that  they  may  not  sink  as  rapidly  as  had  been  supposed. 
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They  might  then  be  dispersed  widely  by  currents,  in  spray  by  the  wind,  and  to 
beaches  where  they  could  be  picked  up  on  the  feet  of  birds.  It  seems  unlikely, 
however,  that  such  a  condition  holds  true  for  Penilia.  Caroli  (1924),  who  fol- 
lowed throughout  a  summer  a  population  of  Penilia  with  a  relatively  high  output 
of  resting  eggs,  never  saw  these  eggs  enclosed  within  exuviae.  He  concluded  that 
the  eggs  probably  sink  to  the  bottom.  Possibly  the  sudden  appearance  of  Penilia 
in  new  localities  occurs  only  when  a  few  recently  released  resting  eggs,  that  have 
not  yet  had  time  to  sink,  chance  to  have  been  caught  up  in  wind-driven  spray. 

More  difficult  to  explain  is  the  apparent  absence  of  Penilia  from  many  inter- 
mediate locations.  This  might  seem  to  indicate  that  Penilia  has  only  recently  in- 
vaded the  sea.  If  that  were  true,  however,  one  would  expect  to  find  Penilia  espe- 
cially abundant  in  river  estuaries,  whereas  it  more  usually  is  found  in  open  coastal 
waters.  Perhaps  unsuspected  environmental  factors  have  excluded  Penilia  from 
certain  areas.  Or  it  may  be  that  populations  in  some  areas  have  died  out  during 
parthenogenetic  reproduction  through  the  action  of  dominant  or  semi-dominant  lethal 
genes.  Instances  of  this  kind  have  been  recorded  by  Banta  and  Wood  (1939)  for 
some  fresh  water  Cladocera.  Banta  (1939)  notes  that  there  are  wild  populations 
of  certain  fresh  water  Cladocera  which  are  never  known  to  reproduce  other  than 
by  ovoviviparous  parthenogenesis.  In  one  case  he  found  a  mutant  stock  in  which 
both  resting  and  "summer"  eggs  were  produced  by  parthenogenesis.  It  may  well 
be  that  in  some  areas  Penilia  reproduces  only  by  parthenogenesis,  probably  then 
without  the  production  of  resting  eggs.  Information  on  this  question  is  very  scanty, 
since  most  of  the  reports  dealing  with  Penilia  fail  to  mention  the  sexes  taken  or  the 
type  of  reproduction  observed.  Steuer  (1933a,  1933b)  stated  that  males  were  at 
that  time  known  only  from  Hong  Kong,  Naples,  the  Adriatic,  and  the  Black  Sea. 
In  the  literature  I  have  found  only  one  additional  record  that  seems  to  refer  to  the 
occurrence  of  males.  Dakin  and  Colefax  (1940)  state  that  off  Sydney,  Australia, 
Penilia  was  "found  breeding  in  April  and  May."  Since  this  was  at  the  end  of  the 
season,  and  maximum  numbers  of  Penilia  were  noted  in  January  and  February,  it 
seems  probable  that  the  statement  was  meant  to  refer  to  bisexual  reproduction.  One 
more  locality  for  the  occurrence  of  males  and  resting  eggs  can  now  be  added,  namely, 
Woods  Hole,  Massachusetts,  where  in  August,  1953,  I  found  about  one  or  two  per 
cent  of  the  population  of  Penilia  to  be  males,  and  a  lower  percentage  to  be  females 
bearing  resting  eggs. 

Obviously,  further  records  are  needed  before  any  conclusions  can  be  drawn  as 
to  the  prevalence  of  males  and  resting  eggs  in  different  localities.  It  would  be  help- 
ful if  those  who  record  the  presence  of  Penilia  would  always  take  care  to  state  what 
types  of  individual  were  found.  Steuer  (1933b)  figures  juvenile  instars  and  the 
three  types  of  adult,  namely,  males,  females  with  one  or  two  resting  eggs,  and  par- 
thenogenetic females  with  "summer"  eggs  or  embryos.  "Summer"  eggs  which  have 
not  yet  developed  into  embryos  are  much  smaller  than  resting  eggs,  and  in  most  cases 
are  more  numerous.  Persons  not  having  access  to  Steuer's  paper  should  be  able  to 
identify  the  different  types  of  adult  by  reference  to  Figure  1 ,  which  shows  a  female 
bearing  a  single  resting  egg,  and  a  male  one  instar  prior  to  maturity.  Mature  males 
have  penes  over  twice  the  length  of  those  shown,  and  antennules  reaching  to  the  pos- 
terior border  of  the  carapace.  Males  two  instars  prior  to  maturity  can  be  recognized 
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FIGURE  1.  Pcnilia  avirostris  Dana,  from  Woods  Hole,  Massachusetts,  August,  1953. 
Sketched  from  preserved  specimens,  a  camera  lucida  being  used  for  the  main  outlines.  A,  ma- 
ture female,  with  a  single  resting  egg  in  the  brood  sac;  B,  male  one  instar  prior  to  maturity; 
the  shell  valves  are  here  much  wider  apart  than  they  would  be  in  a  living  specimen. 

by  small  rudiments  of  the  penes,  antennules  already  twice  the  length  of  those  in  a 
female,  and,  as  in  all  males,  by  the  absence  of  a  pointed  rostrum. 

RESTRICTION  TO  COASTAL  WATERS 

The  restriction  of  Pcnilia  to  coastal  waters  is  another  feature  for  which  no  defi- 
nite explanation  can  be  offered  at  present.  The  greatest  distances  from  shore  at 
which  Pcnilia  has  been  taken  seem  to  be  those  reported  by  Bigelow  and  Sears 
(1939)  (about  60  km.  off  the  coast  of  New  Jersey)  and  by  Marukawa  (1921) 
(either  about  230  km.  or  about  310  km.  east  of  Japan).  Neither  temperature  nor 
salinity  would  appear  to  be  a  factor  excluding  Pcnilia  from  the  open  sea.  Some 
authors  have  spoken  of  Pcnilia  as  a  predominantly  brackish  wrater  form  (e.g.,  Gibitz, 
1922).  There  has  even  been  a  single  isolated  record  of  Pcnilia  from  fresh  water 
(Kramer,  1895).  However,  most  of  the  records  of  Pcnilia  have  been  from  locali- 
ties with  salinities  above  32',,.  Leder  (1915)  found  Pcnilia  in  salinities  from  \Q%0 
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to  37%c.  Delia  Croce  (1952)  found  maximum  numbers  of  Pcnilia  in  the  Gulf  of 
Genoa  when  the  salinity  was  above  38.3/^c.  Gurney  (1927-9)  found  Pcnilia  abun- 
dant in  the  Gulf  of  Suez  where  the  salinity  was  43.8^r,  and  even  recorded  it  from 
a  station  in  the  Suez  Canal  where  the  salinity  was  49c/<c  (salinities  taken  from  Fox, 
1926-9).  It  is  evident  that  the  salinity  of  the  open  ocean  lies  well  within  the  range 
normally  tolerated  by  Pcnilia.  At  low  temperatures,  however,  the  resistance  to 
high  salinities  may  be  reduced,  in  accordance  with  Moore  and  Kitching's  (1939) 
"idea  of  modified  tolerance."  Thus  Dakin  and  Colefax  (1940)  found  Penilia  four 
miles  out  to  sea  off  Sydney,  Australia,  reaching  maximum  abundance  in  summer, 
yet  also  found  it  to  be  sometimes  exceedingly  abundant  in  winter  in  the  more  estu- 
arine  catches.  This  is  despite  the  fact  that  minimum  surface  water  temperatures 
were  lower  in  the  estuary  (12.3°  C.)  than  at  the  offshore  station  (15-16°  C.) 
(Dakin  and  Colefax,  1935).  Salinity  at  the  offshore  station  was  35.4-35.8$^ ;  that 
within  the  estuary  was  unfortunately  not  given. 

Perhaps  the  restriction  of  Pcnilia  to  coastal  waters  is  a  result  of  a  shortage  in 
the  open  sea  of  fine  detritus  and  minute  organisms,  under  5  ^  in  diameter,  on  which 
Penilia  feeds  (Lochhead,  1936-7).  However,  other  animals  requiring  equally 
fine  food  do  live  successfully  in  the  open  ocean. 

If  it  should  be  found  that  populations  of  Pcnilia  must  everywhere  be  renewed 
each  year  from  resting  eggs,  and  if  these  eggs  sink  to  the  bottom,  as  seems  prob- 
able, then  the  restriction  of  Pcnilia  to  waters  of  moderate  depth  would  be  under- 
standable. However,  in  tropical  regions  one  would  expect  at  least  some  populations 
to  be  successful  in  reproducing  throughout  the  year  exclusively  by  ovoviviparous 
parthenogenesis. 

RESTRICTION  TO  SURFACE  WATERS 

Apparently  Pcnilia  always  occurs  relatively  close  to  the  surface.  Gamulin 
(1948-9)  records  it  from  depths  of  20-70  meters  in  the  Adriatic;  Motoda  and 
Anraku  (1952)  found  it  only  at  depths  of  10-20  meters  in  "Funka  Bay,"  Hok- 
kaido, Japan  (apparently  a  synonym  for  Volcano  Bay,  judging  from  a  map  (Fig. 
4)  in  Kawasaki  ct  a!.,  1952-3).  Nearly  all  other  records  seem  to  have  been  from 
surface  plankton  tows. 

I  have  tested  the  reactions  to  light  of  specimens  of  Pcnilia  taken  at  Woods 
Hole,  with  purely  negative  results.  When  illuminated  only  from  one  side  by  a 
bright,  horizontal  beam  of  light  from  a  spot  lamp,  Pcnilia  continued  to  swim  in 
various  directions  in  all  parts  of  a  jar.  whereas  copepods  in  the  same  jar  quickly 
aggregated  towards  the  light.  Specimens  of  Penilia  also  swam  at  random,  both 
upwards  and  downwards,  when  illuminated  only  from  above;  the  spot  lamp  was 
placed  23  cm.  above  a  small  tube,  holding  a  column  of  water  60  mm.  high  and  18 
mm.  in  diameter,  standing  on  a  dull  black  surface.  Copepods  tested  under  these 
same  conditions  aggregated  immediately  towards  either  the  top  or  the  bottom  of 
the  tube,  depending  on  the  species,  in  contrast  to  Pcnilia  which  showed  no  such 
tendency  even  over  periods  of  up  to  fifteen  minutes.  In  both  the  horizontal  and 
the  vertical  beams  of  light  results  were  the  same  with  light-adapted  Pcnilia  and 
with  Pcnilia  which  had  been  kept  in  total  darkness  for  periods  of  from  one  to 
twelve  hours.  In  all  cases  the  specimens  spent  much  time  floating  suspended  in 
the  water,  swimming  in  sudden  spurts  at  irregular  intervals,  as  is  characteristic  for 
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the  species.  Neither  when  floating  nor  when  actively  swimming  could  the  speci- 
mens be  seen  to  show  any  type  of  dorsal  light  response  to  the  direction  of  illumina- 
tion. It  may  be  concluded  that  the  restriction  of  Pcnilia  to  surface  Avaters  would 
appear  not  to  be  in  response  to  light. 

Nor  does  it  seem  that  this  restriction  depends  on  a  response  to  pressure,  of  the 
type1  discovered  in  crab  larvae  by  Hardy  and  Bainbridge  (1951).  To  test  for 
such  a  response,  specimens  of  Pcnilia  which  had  been  kept  in  the  dark  for  twelve 
hours  were  transferred  to  a  10-ml.  syringe,  over  the  lower  opening  of  which  a 
piece  of  wax  paper  had  been  tightly  tied.  The  level  of  sea  water  was  adjusted  up 
to  the  mark  and  the  plunger  then  very  slowly  pushed  down  until  all  air  had  been 
expelled.  With  the  lower  end  of  the  syringe  resting  on  a  table,  pressure  on  the 
plunger  was  now  increased  steadily  by  hand  up  to  a  maximum  later  found  equal  to 
about  10.5  kilograms.  Since  the  internal  diameter  of  the  syringe  was  14  mm., 
it  can  be  computed  that  the  maximum  water  pressure  attained,  additional  to 
atmospheric  pressure,  was  approximately  6.8  kg./cm.2,  corresponding  to  a  depth 
in  the  sea  of  about  67  meters.  The  specimens  of  Pcnilia  in  the  syringe  were  ob- 
served against  a  brightly  lighted  dark  background.  At  all  pressures  they  con- 
tinued to  swim  normally,  showing  no  tendency  to  aggregate  at  any  particular  level 
in  the  column  of  water. 

It  must  remain  for  the  future  to  determine  what  factors  may  be  responsible  for 
the  restriction  of  Pcnilia  to  surface  waters.  Perhaps  a  response  to  temperature  is 
involved,  or  perhaps  under  some  conditions  the  animals  display  negative  geotaxis. 
However,  no  evident  responses  to  gravity  were  seen  in  the  specimens  observed  in 
vertical  tubes. 

DISTRIBUTION  AS  RELATED  TO  TEMPERATURE 

The  distribution  of  Pcnilia  towards  the  poles  is  limited  by  temperature.  Cai- 
man (1917-23)  stated  that  the  mean  annual  surface  isotherms  of  18°  C.  would  in- 
clude all  localities  where  Pcnilia  had  been  found,  except  for  Trieste,  the  Black  Sea, 
and  possibly  New  Zealand.  This  statement  remained  unchallenged  for  many  years, 
and  it  therefore  was  with  considerable  surprise  that  in  1944  I  recognized  what 
appeared  to  be  a  drawing  of  Pcnilia  among  some  sketches  of  plankton  organisms 
turned  in  by  a  student  in  the  Invertebrate  course  of  the  Marine  Biological  Labora- 
tory, Woods  Hole,  Massachusetts.  The  specimen  was  dead  when  found,  and  had 
been  thrown  away  after  being  drawn.  In  1946  a  plankton  sample  collected  for 
the  Invertebrate  course  contained  considerable  numbers  of  Pcnilia,  which  I  was 
able  to  examine  alive.  The  same  was  true  in  1948,  1949,  1951,  1952,  and  1953. 
The  samples  each  year  were  collected  from  the  surface  waters  of  Great  1  larbor. 
Woods  Hole,  between  August  23rd  and  August  31st,  with  additional  samples  in 
1953  from  July  29th  to  September  1st.  No  especial  search  for  Pcnilia  was  made 
in  any  year,  so  that  it  is  quite  likely  that  Pcnilia  has  been  present  in  Woods  Hole 
waters  each  year  since  1944.  Mr.  A.  Fleminger,  a  graduate  student  at  Harvard 
University,  has  kindly  turned  over  to  me  some  specimens  of  Pcnilia  taken  in  sur- 
face plankton  from  Mencmsha  Bight,  Martha's  Vineyard,  about  20  km.  S.S.W.  of 
Woods  Hole,  July  25,  1951  (one  specimen)  and  September  1,  1951  (25  speci- 
mens). Deevey  (1952a,  1952b)  has  recorded  the  presence  of  Pcnilia  in  Block- 
Island  Sound,  about  90  km.  W.S.W.  of  Woods  Hole,  in  1943,  1944,  1945,  and  1949. 
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One  of  her  hauls  in  September,  1943,  yielded  about  2900  Penilia  per  fifteen-minute 
tow ;  another  haul  in  October,  1949,  yielded  900  Penilia  per  cubic  meter. 

Thus  it  is  evident  that  at  least  since  1943  Penilia  has  occurred,  often  in  large 
numbers,  off  the  southern  coast  of  New  England.  It  must  be  a  recent  arrival, 
since  it  is  not  mentioned  in  any  of  the  plankton  surveys  of  the  region  made  prior 
to  1943.  As  already  noted,  most  of  the  specimens  seen  by  me  have  been  females, 
reproducing  when  adult  by  ovoviviparous  parthenogenesis.  One  large  specimen 
contained  13  embryos,  a  number  which  exceeds  both  the  observed  and  the  pre- 
dicted maxima  given  by  Steuer  (1933b). 

To  gain  more  precise  knowledge  of  the  lower  temperature  limits  controlling  the 
distribution  of  Penilia,  I  have  gathered  together  the  information  given  in  Table  I. 
In  my  search  of  the  literature  I  have  not  been  able  to  find  any  records  of  Penilia 
from  localities  farther  north  or  farther  south  than  those  shown  in  this  table.  It 
will  be  seen  at  once  that  the  mean  annual  surface  temperature  at  Woods  Hole  lies 
far  below  the  limit  of  18°  proposed  by  Caiman,  or  the  limit  of  17°  more  recently 
proposed  by  Fuller  (1950).  However,  it  will  also  be  seen  that  Penilia  has  been 
taken  from  four  other  localities  with  mean  annual  surface  temperatures  well  below 
these  limits. 

Actually,  as  pointed  out  by  Hutchins  (1947),  the  poleward  distribution  of 
marine  organisms  is  controlled,  not  by  the  mean  annual  surface  temperature,  but 
by  the  lowest  temperature  tolerated  in  winter  and  by  the  minimum  temperature 
necessary  for  reproduction  in  summer.  Neither  of  these  temperature  limits  is 
known  for  Penilia.  Fuller  (1950)  thought  that  Penilia  requires  a  temperature  of 
at  least  18—20°  during  a  period  long  enough  to  permit  reproduction.  This  sug- 
gestion agrees  well  with  most  of  the  records  that  we  have  for  Penilia.  However, 
Cattley  and  Harding  (1949)  found  Penilia  reproducing  in  October  off  the  coast  of 
Holland,  in  water  of  16.68°.  Possibly  on  occasion  even  lower  temperatures  would 
suffice,  judging  from  the  statement  of  Dakin  and  Colefax  (1940)  that  in  estuarine 
waters  near  Sydney,  Australia,  Penilia  sometimes  becomes  exceedingly  abundant 
in  winter,  when  surface  water  temperatures  of  about  12-15°  might  be  expected 
(Dakin  and  Colefax,  1935). 

At  Woods  Hole  the  surface  water  temperatures  in  summer  should  more  than 
suffice  for  the  reproduction  of  Penilia  (means  for  July,  August,  and  September  in 
the  period  1945-1951:  21.3°,  21.8°,  and  20.0°).  The  temperatures  encountered 
in  winter,  however,  are  much  lower  at  Woods  Hole  than  in  most  of  the  other  locali- 
ties from  which  Penilia  has  been  recorded.  Reference  to  Table  I  will  show  that 
only  in  three  of  the  other  localities  are  tire  surface  water  temperatures  in  winter 
nearly  as  low  as  at  Woods  Hole. 

In  regions  where  the  population  of  Penilia  has  been  followed  through  a  season, 
it  is  known  that  during  the  autumn  the  numbers  gradually  decrease  to  zero.  The 
lowest  temperature  at  which  a  surviving  adult  has  been  taken  appears  to  be  8.7° 
(Steuer,  1933b).  Usually  all  specimens  are  gone  at  temperatures  well  above  that 
value.  Survival  in  colder  temperatures 'presumably  must  be  in  the  form  of  resting 

eggs. 

Of  the  localities  listed  in  Table  I,  only  Woods  Hole,  Odessa,  and  Auckland 
represent  regions  where  Penilia  has  become  well  established.  There  are  three 
reports  of  its  occurrence  in  northern  Japanese  waters.  The  other  localities  repre- 
sent simply  isolated  records  which  could  perhaps  be  looked  on  as  abnormal  oc- 
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TABLE  I 


Mean  su 

rf.  water  temps. 

(°C.) 

Au- 
thority 

Locality 

Penilia  reported  by 

Coldest 
month 

\Yarmest 
month 

Annual 

for 
tem- 
peratures 

Woods  Hole,  1945   1951 

Present  paper 

Feb., 
0.7° 

Aug., 

21.8° 

11.5° 

1 

\Vciods  Hole,  35  years  of  period 
1885-1941 

No  report 

Feb., 
-0.2° 

Aug., 
21.1° 

10.4° 

2 

Lut.   40°.V,    175   km.   south   of 
Woods  Hole 

No  report 

March, 
6.4° 

Aug., 
20.6° 

13.0° 

3 

Dutch  coast,  52°  22'N.,  4°  20'E. 

Cattley  and  Harding 

Feb., 

3.5° 

Aug., 
17.5° 

10.2° 

4 

Near  Odessa,  Black  Sea 

Zagorowskv  (see 
Steuer,  1933b) 

Feb., 
1.1° 

July-  Aug., 

22.2° 

13.5° 

3 

Muroran,  Hokkaido,  Japan 

Tanita,  Kato,  and 
Okuda 

March, 
2.2° 

Aug., 
21.7° 

11.0° 

3 

Near  Cape  Town,  S.  Africa, 
35°  13'S.,  20°  17'W. 

Rammner 

July, 
15.2° 

Jan., 
20.6° 

18.2° 

3 

Cook  Strait,  New  Zealand 

Steuer,  1933a 

July, 
10.0° 

Feb., 
16.1° 

13.2° 

5 

Auckland,  New  Zealand 

Kramer. 
Fuller. 

July, 

12.1° 

Feb., 
21.0° 

16.7° 

6 

Authorities  for  temperatures  in  Table  I 

1.  Calculated  from  monthly  mean  surface  temperatures  in  the  years  1945-1951  at  the  Woods 
Hole  Oceanographic  Institution  dock,  consulted  through  the  kindness  of  Mr.  Dean  F.  Bumpus. 
Closely  similar  figures  for  the  years  1945-1950  have  been  published  by  the  U.  S.  Coast  and  Geo- 
detic Survey  (Publ.  No.  TW-1,  1951). 

2.  Calculated   from   monthly  and  annual   mean  surface  temperature  records,   very  kindly 
supplied  by  Mr.  John  B.  Colton,  U.  S.  Fish  and  Wildlife  Service,  Woods  Hole.     Records  are  not 
available  for  the  period  1915-1932,  nor  for  a  few  other  scattered  years. 

3.  Figures  for  each  month  read  from  :  World  Atlas  of  Sea  Surface  Temperatures,  H.O.  No.  225, 
Hydrographic  Office,  U.  S.  Navy,  Washington,  D.  C. :  50  p.,  1944. 

4.  Figures  for  each  month  read  from:  Bohnecke,  G.,  and  G.  Dietrich,  1951.     Monatskarten 
der  Oberflachentemperatur  fur  die  Nord-  und  Ostsee  und  die  angrenzenden  Gewasser.     Deutsches 
Hydrographisches  Institut,  Hamburg:  18  p. 

5.  Figures  for  each  month  read  from  charts  in  :  Monthly  sea  surface  temperatures  of  Australian 
and  Xew  Zealand  waters;  Marine  Branch  Meteorol.  Office,  Air  Ministry,  London;  M.O.M.  482: 
14  p.,  1945. 

<>.  Calculated  from  monthly  mean  surface  temperatures  for  each  of  the  years  ending  April, 
1929,  id  April,  1<M1,  in:  Report  on  Fisheries,  New  Zealand  Marine  Dept.,  years  ending  March, 
1931,  to  March,  1941. 
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currences.  With  this  in  mind  it  might  appear  that  only  where  the  mean  surface 
temperature  in  the  warmest  month  reaches  or  exceeds  21°  can  Penilia  become 
permanently  established.  Perhaps  such  warm  temperatures  are  necessary  to  per- 
mit the  building  up  of  a  minimal  population  density,  sufficient  to  assure  the  survival 
of  at  least  some  individuals,  or  resting  eggs,  through  the  winter. 

In  localities  such  as  Woods  Hole  and  Odessa,  where  temperatures  are  adequate 
in  summer  but  very  low  in  winter,  one  must  consider  the  possibility  of  repopula- 
tion  each  spring  from  warmer  waters  to  the  south.  This  probably  would  have  to 
be  by  currents,  if  we  accept  the  assumption,  presented  earlier,  that  resting  eggs 
can  be  caught  up  in  wind-driven  spray  only  when  newly  released,  which  would  be 
chiefly  in  late  summer  and  autumn.  Unfortunately  our  knowledge  of  non-tidal 
surface  currents  south  of  the  New  England  coast  is  very  incomplete.  The  com- 
plexity of  the  situation  is  well  presented  by  Haight  (1942).  More  recent  informa- 
tion is  given  by  Zinn  (1950),  and  an  analysis  of  the  complex  tidal  currents  near 
Woods  Hole  has  been  presented  by  Redfield  (1953).  Rather  detailed  charts  of 
non-tidal  surface  currents  in  the  waters  east  of  the  United  States  were  published 
for  each  month  of  the  year  by  the  German  "Oberkommando  der  Kriegsmarine" 
(1943),  but  must  include  much  that  is  based  only  on  conjecture.  In  general,  it 
would  seem  that  coastal  organisms  to  the  south  of  New  York  would  stand  little 
chance  of  being  brought  to  New  England  waters ;  organisms  from  the  Gulf  Stream, 
directly  to  the  south  of  New  England,  such  as  the  siphonophore  Plivsolio,  cer- 
tainly are  brought  to  the  New  England  coast  in  some  summers,  but  the  existence 
every  year  of  such  currents  from  the  south  is  highly  doubtful. 

Table  I  shows  that  if  Penilia  occurred  just  beyond  the  continental  shelf  to  the 
south  of  Woods  Hole,  it  would  encounter  minimal  winter  temperatures  of  about 
6.4°.  But  summer  temperatures  there  might  not  be  adequate  for  a  high  rate  of 
reproduction ;  the  presence  of  Penilia  so  far  from  land  would  not  be  expected ;  and 
the  annual  occurrence  of  suitable  currents  to  bring  the  organisms  to  the  coast  seems 
rather  unlikely. 

Thus  it  appears  probable  that  Penilia  is  now  a  year-round  inhabitant  of  Woods 
Hole  waters.  If  so,  the  resting  eggs  must  be  able  to  withstand  winter  temperatures 
clown  to  below  zero  (the  mean  surface  temperature  at  Woods  Hole  for  January, 
1948,  was  --  1.2°;  a  temperature  of  •-  2.8°  was  recorded  on  one  occasion  in  1945). 
In  effect  this  would  mean  that  the  only  temperature  requirement  for  Penilia  is  a 
summer  temperature  of  perhaps  21°  or  above,  with  lower  temperatures  possible  in 
regions  where  a  high  population  density  is  not  necessary  to  assure  survival  through 
the  winter. 

From  Table  I  it  will  be  seen  that  water  temperatures  at  Woods  Hole  in  the  pe- 
riod 1945-1951  averaged  slightly  higher  than  in  previous  years.  However,  the 
facts  stated  above  make  it  unlikely  that  the  slightly  colder  winters  of  the  past  were 
responsible  for  the  absence  of  Penilia  from  New  England  waters. 

DISCUSSION 

It  must  remain  for  future  investigation  to  provide  more  certain  data,  and  in  par- 
ticular to  discover  an  explanation  for  the  apparent  absence  of  Penilia  from  so  many 
regions  that  would  appear  favorable  for  its  development.  Doubtless  its  occurrence 
has  frequently  been  overlooked,  but  in  regions  where  the  plankton  has  been  inten- 
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sively  studied  one  would  expect  it  to  be  reported  if  present.  Thus  at  both  Woods 
Hole  and  Naples,  Penilia  is  now  abundant,  but  would  seem  to  have  been  absent  at 
least  for  many  years  in  the  past. 

Possibly  such  sudden  inroads  into  new  areas  have  been  preceded  by  a  process 
of  genetical  pre-adaptation  to  wider  temperature  limits,  as  reported  for  fresh  water 
Cladocera  by  Brown  (1929).  (See  also  Johnson,  1952.)  Perhaps,  too,  the  pro- 
duction of  resting  eggs  by  Penilia  occurs  only  in  a  few  genetic  stocks,  of  localized 
distribution.  Reproduction  by  parthenogenesis  alone  might  lead  to  local  extinction, 
as  noted  earlier,  and  the  failure  to  produce  resting  eggs  presumably  would  prevent 
colonization  of  areas  where  water  temperatures  are  low  in  winter.  Many  other 
interesting  possibilities  could  be  suggested.  The  whole  question  of  how  the  popu- 
lation cycle  of  Penilia  may  be  related  to  the  population  cycles  of  other  planktonic 
organisms  remains  virtually  an  untouched  field.  Some  data  relative  to  this  prob- 
lem will  be  found  in  the  papers  of  Dakin  and  Colefax  (1933),  Deevey  (1952b)» 
Massuti  Alzamora  (1949),  and  Sheard  (1949). 

TESTS   FOR    BlOLUMINESCENCE 

A  report  concerning  Penilia  that  would  be  of  considerable  interest  if  it  could  be 
confirmed  is  contained  in  the  paper  of  Dakin  and  Colefax  (1940),  who  state  that 
Penilia  "appears  to  be  one  cause  of  luminescence  in  our  plankton."  They  add  that 
"no  distinct  luminous  organs  have  been  noticed."  In  August,  1953,  I  attempted 
to  repeat  Dakin  and  Colefax's  observation,  with  wholly  negative  results.  Dark- 
adapted  specimens  of  Penilia  were  picked  out  from  a  freshly  caught  plankton  sam- 
ple, and  were  observed  in  the  dark  in  groups  of  ten  or  more  concentrated  in  a  small 
volume  of  water.  Stimuli  used  to  provoke  luminescence  were  mechanical  stirring 
with  a  glass  rod.  drop  by  drop  addition  of  formalin,  ammonium  hydroxide,  alcohol, 
and  glycerine,  the  make  and  break  passage  of  an  electric  current  at  various  intensi- 
ties from  an  inductorium,  and  exposure  to  ammonia  vapor,  the  specimens  in  this 
case  being  supported  in  air  on  a  piece  of  bolting  silk.  These  stimuli  include  the 
principal  ones  used  by  Giesbrecht  (1895)  in  his  search  for  luminescent  copepods. 
In  no  case  did  any  of  the  specimens  of  Penilia  exhibit  bioluminescence.  This  was 
in  contrast  to  other  unidentified  microscopic  organisms,  which  luminesced  brightly 
in  samples  of  the  plankton  from  which  all  specimens  of  Penilia  had  been  carefully 
removed. 

It  seems  reasonably  certain  that  Penilia  is  not  luminescent  at  Woods  Hole  in 
the  month  of  August.  However,  Giesbrecht  found  that  copepods  at  Naples,  if  they 
luminesce  at  all,  do  so  for  the  most  part  only  in  the  winter.  Dakin  and  Colefax 
observed  Penilia  in  Australian  waters  at  all  times  of  the  year,  and  perhaps  it  was 
in  the  winter  that  their  specimens  seemed  to  be  luminescent.  If  Penilia  is  self- 
luminous  at  times,  it  is  probably  unique  in  this  respect  within  the  class  Branchiopoda 
(Harvey,  1952),  and  it  might  be  cited  as  an  especially  interesting  example  of  the 
general  rule  that  among  aquatic  organisms  the  only  ones  that  are  luminescent  are 
marine. 

SUMMARY 

1 .  Penilia  has  recently  become  a  regular  member  of  the  summer  plankton  off  the 
southern  coast  of  New  England,  much  farther  north  than  would  formerly  have  been 
expected. 
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2.  Its  reproduction  in  New  England  waters  is  mainly  by  ovoviviparous  partheno- 
genesis, but  males  also  occur,  together  with  females  bearing  fertilized,  resting  eggs. 
There  is  reason  to  believe  that  the  species  overwinters  locally  in  the  form  of  resting 
eggs,  rather  than  being  brought  in  each  year  by  wind  or  currents. 

3.  The  poleward  distribution  of  Pcnilia  seems  to  be  limited  only  by  the  need  of 
a  certain  minimum  water  temperature  in  summer.     Adults  can  survive  at  tempera- 
tures down  to  below  9°  C..  and  are  able  to  reproduce  at  and  perhaps  below  16°  C. 
But  the  species  has  not  become  permanently  established  except  in  areas  where  sum- 
mer water  temperatures  exceed   21°   C.     The  resting  eggs  probably  can  survive 
winter  temperatures  of  below    -  2°  C. 

4.  Pcnilia  is  found  in  every  ocean  of  the  world,  often  as  one  of  the  dominant 
plankton  organisms,  yet  it  is  absent  from  many  regions  where  it  might  be  expected 
to  thrive.     Possible  reasons  for  this  discontinuous  distribution  are  discussed.     Sud- 
den appearances  of  Pcnilia  in  new  areas  perhaps  are  the  result  of  recently  laid,  rest- 
ing eggs  becoming  caught  up  in  wind-driven  spray. 

5.  The  restriction  of  Pcnilia  to  coastal  waters  may  be  because  the  resting  eggs 
sink  to  the  bottom.     Salinity  is  not  the  limiting  factor,  since  Pcnilia  has  been  found 
in  salinities  ranging  from  fresh  water  to  49%c. 

6.  Pcnilia  shows  no  obvious  responses  to  light  or  to  pressure  which  might  ac- 
count for  its  restriction  to  surface  waters. 

7.  The  fact  that  Pcnilia  is  the  only  filter-feeding  branchiopodan  to  have  become 
truly  marine,  may  possibly  be  because  in  sea  water  it  is  difficult  for  members  of 
this  group  to  maintain  the  necessary  turgor  within  their  phyllopodia. 

8.  A  report  that  Pcnilia  is  bioluminescent  could  not  be  confirmed  for  specimens 
examined  in  August  at  Woods  Hole.  Massachusetts.     The  possibility  remains  that 
in  some  localities  it  may  be  luminescent  in  winter. 
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THE   FIBRILLAR    SYSTEMS  OF  CILIATES  AS  REVEALED  BY  THE 
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Recently  the  fibrillar  systems  of  ciliates  have  attracted  the  attention  of  several 
investigators.  This  revival  of  interest  has  resulted  in  large  measure  from  an  ap- 
preciation of  the  morphogenetic  properties  of  these  systems.  These  properties  ap- 
pear to  include  self -duplication,  genetic  continuity,  pluripotency  and  a  role  in  the 
establishment  of  the  polarity  and  fine  morphology  of  ciliates  (  Faure-Fremiet,  I948a; 
Lwoff,  1950;  \\'eisz,  1951  ).  Unfortunately,  continued  progress  of  these  studies  has 
been  limited  by  an  inadequate  understanding  of  the  micro-structure  of  ciliate  fibrillar 
systems.  However,  a  clearer  knowledge  of  these  structures  has  recently  been  ob- 
tained from  an  electron  microscope  study  of  Pamiiteciuui  (  Metz,  Pitelka  and  West- 
fall.  1953).  The  present  investigation  was  undertaken  to  extend  this  study  to  other 
material. 

Tetrahymena  was  selected  for  this  second  effort  not  only  because  of  the  wide 
popularity  of  this  organism  as  a  laboratory  animal  but  also  because  it  can  be  cul- 
tured readily  in  the  absence  of  other  organisms;  its  fibrillar  morphology  has  been 
studied  exhaustively  within  the  limits  imposed  by  light  optics  (most  recently  by 
Corliss,  1952a,  1953);  its  morphogenesis  at  fission  has  been  examined  in  detail 
(Chatton.  Lwoff.  Lwoff  and  Monod.  1931  ;  Furgason,  1940)  ;  and  finally  its  loco- 
motion appears  to  involve  an  acetylcholine-acetylcholinesterase  system  (Seaman, 
1''51  ;  Seaman  and  Houlihan,  1951  ). 

The  pellicle  and  oral  anatomy  of  Tctraliyiucna  are  found  to  differ  greatly  from 
that  of  Parainccinni  but  the  kinety  (silver  line  or  neuromotor)  systems  of  the  two 
organisms  are  basically  similar  in  structure  and  organization.  The  kineties  of  Tctra- 
liyinoni,  like  those  of  Puruincciitiii,  are  compound  structures  composed  of  discrete 
units.  Each  unit  consists  of  a  cilium.  a  kinetosome  (ciliary  basal  body  )  and  a  short, 
tapering,  kinetodesmal  fibril  with  periodic  structure.  As  reported  briefly  elsewhere 
(Metz.  1953).  these  units  are  associated  by  overlapping  of  the  individual  kineto- 
desmal fibrils  to  form  the  kinetodesma  or  silver  line  fiber  of  the  light  microscopist. 

.MATERIAL  AXD  MKTIIODS 

Tetrahymena  </r/r/7,:;  strain  \Y,  was  used  exclusively  in  this  investigation  and  the 

•     are  indebted  to  Dr.  (i.  \Y.  Kidder  for  the  initial  culture  of  this  organism. 

subsequent  cultures  were  grown  in  I' /<    proteose  peptone  in  the  absence  of  other 

Three-  to  seven-day  old  cultures  served  as  starting  mate-rial  for  electron 

in-  imt  -tiLjation  was  aided  by  a  "Taut  from  the  American  Cancer  Society. 

!  i    .iddress  :    Department   of  /oology,    Florida   State  I  'ni\  ersity,  Tallahassee,  Florida. 
\vin»-  an  exhaustive  study  Corliss   (10521))   concludes  that  the  specific  name  pyrifurinis 
should  hav<   priorit)  over  geleii  ( Furt;aso;i,  1°40). 
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microscope  examination.     \Yith  few  exceptions  these  rich  cultures  revealed  no  di- 
viding animals  when  examined  with  light  optics. 

Preparation  of  the  material  for  electron  microscopv 

The  preparation  procedure  employed  in  the  raraineeinni  study  (Metz,  Pitelka 
and  Westfall,  1953)  was  transferred  to  Tetrahyiuena  with  little  modification.  It 
consisted  of  the  following  steps:  (1)  fixation,  (2)  distilled  water  washing  to  re- 
move fixative,  (3)  sonic  dissection  (9  Kc  magnetostriction  oscillator,  model  S-102A, 
Raytheon  Corp.),  (4)  fractional  centrifugation  to  isolate  and  concentrate  pellicular 
fragments,  (5)  mounting  (air  drying  specimens  to  collodion-coated  electron  micro- 
scope screens)  and  (6)  shadow  casting  with  chromium.  The  critical  dissection, 
concentration  and  mounting  operations  (steps  3,  4  and  5)  were  followed  with  phase 
optics. 

Formalin  and  osmium  tetroxide  vapor  were  employed  as  fixatives.  Formalin 
fixation  was  achieved  by  mixing  equal  volumes  of  untreated  Tetraliymena  culture 
and  diluted  formalin  (commercial  formalin  diluted  to  1  15  with  distilled  water 
giving  a  final  formalin  concentration  of  3. 3^  in  the  mixture).  The  mixture  was 
allowed  to  stand  for  one  to  several  hours  and  finally  processed  as  described  above. 
To  obtain  osmium  tetroxide  fixation,  one  to  several  ml.  of  Tetraliymena  culture  (with 
or  without  previous  concentration  by  centrifugation)  were  poured  into  a  Syracuse  or 
petri  dish  and  exposed  to  osmium  tetroxide  vapor  in  a  closed  vessel.  Following 
fixation  the  material  was  processed  as  outlined  above.  The  osmium  tetroxide  ma- 
terial was  examined  most  extensively.  Although  this  method  of  preparation  some- 
times gave  beautiful  preparations,  it  did  not  do  so  consistently.  In  many  cases  the 
fibrillar  apparatus  appeared  to  be  coated  with  precipitated  cytoplasm  and  mitochon- 
dria when  examined  with  electron  optics.  Indeed  the  kineties  of  Tetraliymena  ap- 
peared to  serve  as  preferential  sites  for  such  precipitation  and  in  a  number  of  prepa- 
rations the  primary  kinety  fibrils  were  completely  obscured  by  such  material.  This 
difficulty  was  encountered  in  other  forms,  notably  Blepharisma  and  Stentor,  in  pre- 
liminary examinations.  This  variable  behavior  may  have  an  important  bearing  upon 
the  results  obtained  with  the  silver  impregnation  technique  (e.(/.,  von  Gelei.  1935; 
Corliss,  1952a).  With  limited  access  to  the  electron  microscope  it  was  not  possible 
to  standardize  the  procedure  to  the  point  where  consistently  favorable  results  were 
obtained.  However,  fixation  appears  to  be  the  critical  operation.  Prolonged  treat- 
ment with  osmium  tetroxide  vapor  is  to  be  avoided.  Just  sufficient  exposure  to  kill 
the  organisms,  followed  by  judicious  sonic  treatment  (phase  microscope  observations 
at  30-second  to  one-minute  intervals),  gave  the  most  satisfactory  preparations.  In- 
deed the  best  specimens  were  fixed  so  lightly  that  the  cilia  frayed  out  (Figs.  1.2) 
and  macronudear  membranes  sometimes  broke  down  revealing  interesting  internal 
structure.  Evidently  some  fixation  is  necessary,  for  all  attempts  to  obtain  pellicular 
fragments  by  sonic  treatment  of  living  animals  produced  only  breis. 

Electron  microscope  examination 

The  material  was  examined  with  an  RCA  model  EMU  electron  microscope  using 
standard  procedures.  However,  one  unusual  detail  of  procedure  must  be  empha- 
sized. This  concerns  the  orientation  of  the  specimen  in  the  electron  microscope. 
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The  specimens  are  fragments  of  the  protozoan  surface,  they  are  asymmetrical  (three 
axes  of  asymmetry,  e.g.  Figs.  1,  6)  and  their  relations  to  the  morphology  of  the  in- 
tact animal  must  be  interpreted  in  terms  of  this  asymmetry.  The  specimen  screen 
may  be  mounted  in  the  electron  microscope  so  that  the  specimen  side  of  the  screen 
faces  toward  or  away  from  the  photographic  plate  of  the  instrument  and  either  ar- 
rangement is  acceptable  practice.  However,  a  reversal  of  symmetry  will  result  in 
changing  from  one  situation  to  the  other.  When  the  specimen  surface  of  the  screen 
faces  away  from  the  plate,  normal  symmetry  relations  obtain  on  the  plate;  when  the 
specimen  surface  faces  toward  the  plate,  normal  symmetry  is  reversed  and  a  mirror 
image  results.  This  problem  is  seldom  critical  in  electron  microscopy  (Hillier,  per- 
sonal communication)  but  its  importance  cannot  be  over-emphasized  in  the  present 
instance.4  It  follows  that  all  subsequent  photographic  manipulations  (reversal  or 
"second  negative"  and  final  printing)  must  be  performed  with  equal  attention  to 
symmetry. 

The  screens  were  always  mounted  specimen  side  down  in  the  electron  microscope 
specimen  screen  holder  (facing  the  photographic  plate).  Proper  orientation  was 
facilitated  by  using  Athene  screens  (Smethurst  High-Light  Limited)  which  have 
easily  recognizable  differences  in  their  surfaces. 

Limitations  of  the  method 

The  rather  drastic  methods  of  preparation  employed  introduce  certain  hazards 
and  limitations  to  the  study.  These  include  the  following:  (1)  artifacts  may  be 
introduced  by  fixation,  sonication  and  drying;  (2)  observations  are  usually  made 
on  fragments  of  many  organisms  selected  at  random,  making  it  difficult  to  recon- 
struct the  morphology  of  a  single  individual;  (3)  the  sonic  dissection  method  in- 
volves removal  of  parts  of  the  organism  under  conditions  that  preclude  direct  obser- 
vation. These  limitations  have  been  discussed  and  evaluated  in  the  previous  study 
(Metz,  Pitelka  and  Westfall,  1953).  They  apply  with  nearly  equal  force  in  the 
present  instance.  However,  Tetrahymena  does  possess  two  striking  advantages  over 
Paramecium.  First,  when  grown  in  the  absence  of  other  organisms,  all  material  ob- 
served with  the  electron  microscope  may  be  considered  to  be  a  part  of  the  organism 
or  a  byproduct  of  it,  if  suitable  precautions  are  taken  to  prevent  organic  and  other 
contamination  during  preparation.  Second,  Tetrahymena  is  of  such  a  size  that  large, 
easily  recognizable  fragments  or  whole,  "eviscerated"  animals  can  be  examined  with 
the  electron  microscope  (e.g.,  Fig.  2).  Both  of  these  advantages  were  exploited  in 
this  investigation. 

4  These  precautions  were  followed  in  the  Paramecium  study  although  they  were  not  stressed 
in  that  paper. 

FIGURE  1.  A  fragment  of  pellicle  viewed  from  the  inner  surface.  Segments  of  three  kinetics 
are  shown.  Each  of  these  consists  of  several  kinety  units  (3,  4  and  5  units  in  the  right,  middle 
and  left  kinetics,  respectively).  Each  kinetodesmal  fibril  is  seen  to  arise  from  a  kinetosome  and 
overlap  the  next  unit.  Bases  of  the  cilia  pass  through  ring-shaped  thickenings  in  the  pellicle. 
The  striated  area  of  the  pellicle  is  seen  immediately  to  the  right  of  the  kiln-ties.  The  chains  of 
ring-shaped  thickenings  in  the  pellicle  are  evident  midway  between  the  kinetics.  The  granular 
area  of  the  pellicle  is  located  to  the  right  of  the  pellicular  chains.  Part  of  a  frayed  cilium  is 
visible  through  the  pellicle  (upper  left).  Osmium  tetroxide  fixation. 

FIGURE  2.  Posterior  end  of  an  "eviscerated"  animal.  The  individual  kinetodesmal  fibrils 
are  directed  toward  the  anterior  end  of  the  animal.  Frayed  cilia  may  be  seen  on  the  margins  of 
the  preparation.  Osmium  tetroxide  fixation. 
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RESULTS 

When  properly  prepared  by  osmium  tetrnxide  fixation  the  material  contains  frag- 
ments of  pellicle  of  various  sizes  (Figs.  1-3),  the  isolated  oral  apparatus  (  Fig>.  5,  6) 
and  formed  bodies  of  the  cytoplasm  (mitochondria,  macronuclei).  The  units  nf 
kinety  structure  generally  remain  attached  to  the  pellicular  fragments  in  osmium 
tetroxide-fixed  material  but  they  may  be  obtained  in  isolated  form  (Fig.  4)  from 
formalin-fixed  animals.  Since  the  electron  photomicrographs  show  interesting  de- 
tails of  structure  in  the  pellicle,  kinety  system  and  oral  apparatus,  these  will  be  con- 
sidered separately. 

A.  Structure  of  the  pellicle 

The  pellicle  is  a  thin  membrane  with  three  structurally  distinct  regions.  These 
are  most  evident  in  Figure  1.  This  figure  shows  that  the  inner  surface  of  the  pel- 
licle consists  of  (1)  a  •'background  area"  of  rather  uniform  granular  appearance. 
(2)  a  "chain"  of  ringlike  thickenings  parallel  to  and  midway  between  the  kinetics 
and  (3)  a  finely  striated  area  immediately  to  the  right  of  each  kinety. 

Background  area 

This  region  warrants  little  comment.  The  granular  appearance  of  this  material 
may  be  ascribed  to  macromolecular  components  of  the  inner  surface  of  the  membrane 
or  to  sub-pellicular  protoplasmic  components  which  have  remained  attached  to  the 
membrane  proper.  Study  of  this  region  at  high  magnifications  and  with  special 
techniques  might  reveal  further  interesting  details,  possibly  comparable  to  those  of 
the  erythrocyte  membrane  (  Hillier  and  Hoffman,  1953  ). 

Chains  of  ring-like  thickenings 

The  chains  of  ring-like  thickenings  are  the  most  striking  structural  feature  of 
the  pellicle.  Two  systems  of  such  chains  appear  to  be  present  in  Tetrahymena. 
The  first  and  more  prominent  of  these  occurs  with  great  regularity  and  consists  of 
chains  located  midway  between,  and  parallel  to,  the  kineties.  The  second,  less 
evident  system  parallels  both  the  first  system  and  the  kineties  and  is  located  at  the 
level  of  the  kineties.  This  second  system  is  found  in  man}-  but  not  all  preparations 
but  it  may  occur  generally,  for  this  region  of  the  pellicle  is  frequently  obscured  to 
a  greater  or  less  extent  by  the  kinetosomes,  kinetodesmal  fibrils  and  cilia.  The 

FIGURE  3.  "Simulated  cross  section."  The  pellicular  fragment  has  folded  upon  itself.  The 
fold  forms  the  left  margin  of  the  specimen,  the  outer  surfaces  of  the  pellicle  are  opposed,  with 
the  frayed  cilium  from  the  central  kinety  unit  sandwiched  between  these  surface.^.  The  fold  is 
oblique  to  the  axis  of  the  animal.  Therefore  the  three  prominent  kinety  units  belong  to  three 
different  kineties.  The  chains  of  ring-shaped  thickenings  run  diagonally  from  lower  right  to 
upper  left  in  the  upper  layer  of  the  pellicle.  They  pass  around  the  fold  to  the  lower  layer  of 
pellicle  and  proceed  from  lower  left  to  upper  right,  thereby  forming  an  angle  of  approximately 
90°  with  the  parent  row  in  the  upper  layer.  The  two  systems  of  ring-shaped  chains  may  be 
seen  in  this  preparation.  One  of  these  is  located  at  the  level  of  the  kineties,  the  other  runs 
midway  between  kineties.  Osmium  tetroxide  fixation. 

FIGURE  4.  The  isolated  unit  of  kinety  structure.  The  long  cilium  consists  of  a  narmu 
terminal  portion,  the  main  shaft  with  indications  of  longitudinal  fibrils  and  the  basal  bulb.  This 
bulb  is  to  be  distinguished  from  the  kinetosome  situated  just  below  the  bulb  (compare  with 
Fig.  3).  The  kinetodesmal  fibrils  which  arise  from  the  kinetosome  again  show  periodicity. 
Formalin  fixation. 
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first  system  but  not  tbe  second  is  evident  in  Figures  1  and  2.     Both  systems  are 
present  in  Figure  3  (see  caption  to  Fig.  3  for  details). 

Although  tbe  chains  of  ring-shaped  thickenings  occur  with  great  regularity, 
their  form  is  somewhat  variable.  This  variability  may  be  ascribed  in  part  to  varia- 
tions in  fixation.  The  rings  are  usually  more  prominent  following  prolonged  fixa- 
tion (osmium  tetroxide)  and  their  centers  frequently  appear  more  transparent  in 
such  preparations.  Other  variations  can  not  be  ascribed  to  fixation  and  may  result 
in  part  from  uneven  stretching  of  these  thin  membranes  during  drying.  In  its 
simplest  form  the  chain  is  a  single  even  row  of  closely  spaced  rings  (Fig.  2)  but 
this  construction,  while  not  uncommon,  is  sometimes  modified  so  that  the  chains 
consist  of  bands  two  or  more  rings  wide  (Fig.  1).  In  other  preparations  the 
chains  may  branch  or  the  rings  may  be  widely  scattered  in  the  granular  area  of  the 
pellicle.  However,  these  last  variations  are  exceptional. 

The  striated  area 

The  delicate  striated  areas  are  apparent  only  in  favorable  preparations  but  in 
these  they  occur  regularly  and  are  constant  in  position  and  form  (Fig.  1).  These 
areas  are  situated  immediately  to  the  right  of  each  kinety.5  Each  consists  of  a 
narrow  (0.25 /A  wide)  band  of  material  which  runs  parallel  to  the  adjacent  kinety 
and  to  the  long  axis  of  the  animal.  The  characteristic  feature  of  these  bands  is 
the  collection  of  fine,  closely  spaced  ridges  (fibers?)  that  run  lengthwise  along 
the  bands.  The  origin,  composition  and  function  of  these  bands  are  unknown. 
They  are  assumed  to  be  part  of  the  pellicle  proper  because  of  their  constancy  of 
occurrence  and  form.  However,  the  possibility  that  they  consist  of  sub-pellicular 
material  adhering  to  the  pellicle  has  not  been  excluded. 

B.  The  kinety  system 

It  will  be  recalled  (Metz.  Pitelka  and  Westfall.  1953)  that  the  kinetics  of 
Paramecium  are  compound  structures.  They  are  built  up  of  discrete  units.  Each 
of  these  units  consists  of  a  cilium,  a  kinestosome  (ciliary  basal  body)  and  a  rela- 
tively short,  tapering,  kinetodesmal  fibril.  These  units  are  associated  by  their 
kinetodesmal  fibrils.  The  fibrils  overlap  in  shingle-like  fashion  to  form  a  bundle, 

5  "Right"  as  employed  here  refers  to  the  animal's  right.  When  the  pellicle  is  viewed  from 
within  and  the  figure  is  oriented  with  the  anterior  end  of  the  animal  upward  (Fig.  1),  then  the 
animal's  right  will  correspond  to  the  observer's  right.  When  the  fragment  is  viewed  from  the 
outside,  with  the  anterior  end  upward,  the  animal's  right  will  be  the  observer's  left. 


FIGURE  5.  The  posterior  part  of  the  oral  appwUHnlr'Tiewed  from  its  inner  surface.  The 
"fan"  of  parallel  fibers  is  clearly  seen  to  pass  to  the  left  and  beyond  the  margin  of  the  oral 
apparatus  from  the  undulating  membrane  (membranelle  I).  At  their  origins  the  fibers  appear 
to  be  in  pairs  or  to  have  double  origins  in  the  lower  part  of  the  figure.  Traces  of  the  com- 
plex systems  of  fibers  which  interconnect  the  membranelles  are  visible  in  the  upper  part  of  the 
figure.  Osmium  tetroxide  fixation. 

FIGURE  6.  The  oral  apparatus  viewed  from  the  outer  surface.  The  base  of  the  undulating 
or  first  membranelle  passes  along  the  right  side  (observer's  left)  of  the  preparation.  A  portion 
of  one  cilium  remains  attached  to  the  base  of  this  membranelle.  The  base  of  the  second  mem- 
branelle is  located  on  the  anterior  left  margin  of  the  preparation.  The  third  and  fourth  mem- 
branelle bases  are  located  more  posteriorly.  The  fan  of  fibers  from  the  first  membranelle  passes 
to  the  left  and  under  the  left  margin  of  the  preparation.  These  fibers  presumably  pass  down 
the  wall  of  the  cytopharynx  in  the  intact  animal.  See  text  for  further  details.  Osmiun: 
tetroxide  fixation. 
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the  kinetodesma  (  neuromotor  or  silver  line  fiber)  of  earlier  light  and  electron 
microscope  studies  (  1  '.n-ischneider.  W50;  Sedar,  lc>52).  The  kinetics  of  Tctra- 
livnicna  arc-  similar  in  .structure  to  those  of  I'araiiicciuiu  in  all  important  essentials. 

The  unit  oj  kincty  structure 

Fach  kinety  of  1'ctrahyiucna  is  composed  of  discrete  units.  One  such  unit  is 
shown  in  Figure  4.  This  isolated  structure  is  composed  of  a  cilium,  a  kinetosome 
and  a  kinetodesmal  fibril.  The  cilium  and  kinetodesmal  fibril  form  an  angle  of 
approximately  ninety  degrees  as  they  arise  from  the  kinetosome. 

The  cilhun  of  Tetniliyiucmt  has  the  usual  structure  since  it  appears  to  con- 
sist of  an  outer  limiting  membrane  (Fig.  4)  enclosing  a  number  of  longitudinally 
arranged  libers.  With  mild  fixation  the  membrane  breaks  down  and  the  fibers  fray 
out  (Figs.  1,  2,  3).  In  the  intact  cilium  (Fig.  4)  three  regions  may  be  distin- 
guished. These  include  1  )  the  main  shaft,  2)  a  distal,  narrow  portion  constituting 
'r,th  of  the  cilium  and  3)  a  proximal  bulb.  A  similar  narrow  tip  has  been  de- 
scribed in  Paramecium  (Metz,  W54)  but  the  proximal  bull)  is  evidently  unique. 
This  bulb  is  located  at  the  base  of  the  cilium  as  the  latter  structure  passes  through 
the  pellicle.  The  proximal  ciliary  bull)  should  not  be  confused  with  the  kinetosome. 
These  two  structures  are  separated  by  a  constriction  at  the  level  of  the  pellicle. 
The  relative  positions  of  the  ciliary  bulb,  pellicle  and  kinetosome  may  be  determined 
by  comparing  Figures  3  and  4.  Figure  3  shows  a  simulated  cross  section — actually 
a  folded  pellicular  fragment  with  the  outer  pellicular  surfaces  opposed  (see  caption 
to  Fig.  3  for  details).  (  hie  kinety  unit  is  located  on  the  margin  of  the  fold  and  the 
pellicle  is  seen  to  pass  between  the  proximal  bull)  of  the  cilium  and  the  kinetosome. 
The  ciliary  bulb  may  be  an  artifact  of  preparation.  However,  its  presence  in  both 
formalin  and  osmium  tetroxide  preparations  does  not  favor  this  possibility. 

The  kinetosome  appears  to  be  a  double  structure  (over-all  dimensions  0.2 
<  0.3 /'. )  consisting  of  two  bodies  separated  by  a  constriction  perpendicular  to  the 
surface  in  the  transverse  plane  of  the  animal.  <  hie  of  these  bodies,  the  primary 
one.  appears  to  be  slightly  larger  than  the  other  and  gives  origin  to  both  the  cilium 
and  the  kinetodesmal  fibril.  The  second  body  forms  an  appendage  to  the  first. 
ISO  from  the  site  of  origin  of  the  kinetodesmal  fibril.  These  relations  are  evident 
in  Figure  3. 

The  kinetodesmal  fihrils  arise  from  the  kinetosomes  and  run  just  below  and 
parallel  to  the  pellicle  (Figs.  1,  2,  3).  These  structures  gradually  taper  to  a  fine 
point  from  a  base  diameter  of  approximately  0.12^  (calculated  from  Figs.  3  and 
4;  it  is  assumed  that  the  specimens  have  suffered  no  appreciable  flattening  since 
they  cast  well  proportioned  shadows).  Calculations  from  several  preparations 
indicate  a  length  ot  1.5  to  2  microns  for  the  fibrils.  The  average  length  of  fibrils 
in  Figure  1  is  1 .5  /< , ;  lengths  in  Figures  3  and  4  are  2.1  microns.  The  kinetodesmal 
fibrils  >how  an  interesting  periodicity  in  favorable  shadow-cast  preparations  (espe- 
cially clear  in  I'ig.  3).  This  periodic  organization  appears  as  a  series  of  transverse 
separated  by  constrictions  in  the  preparations  so  far  examined,  but  further 
may  resolve  these  into  spiral  ridges  similar  to  those  of  the  I\iriiincciuni 
kinetodesmal  fibrils  (Met/..  1  Mtelka  and  \Vcstfall.  l'<53). 

-  Issociation  <>j  tin'  units  to  jorni  kinetics 

?trahymena  as  in  Paramecium,  the  units  of  kinety  structure  do  not  appear 
I"   exist    as   unrelated,    randomly   arranged,   isolates.      Thev   are   organixed   to    form 


ELECTRON  MICROSCOPY  OF  CILIATE  FIBERS  115 

larger  structural  (and  probably  functional)  units,  the  kineties.  The  units  are 
arranged  in  longitudinal  rows  with  the  kinetosomes  and  cilia  spaced  at  regular  in- 
tervals (Figs.  1  and  2).  The  individual  kinetodesmal  fibrils  are  directed  along 
these  longitudinal  rows  and  since  they  are  longer  than  the  distance  between  kineto- 
somes. they  overlap  in  shingle-like  fashion  (Fig.  1).  This  overlap  associates  one 
kinety  unit  with  the  next  adjacent  unit.  The  series  of  overlapping  fibrils  con- 
stitutes the  kinetodesma  of  the  light  microscopist.  This  construction  is  essentially 
the  same  as  that  found  in  Pannnccinui.  In  Tctrahymcna,  however,  the  kineto- 
desmal fibrils  are  so  short  (less  than  two  interciliary  distances)  that  true  bundles 
of  fibrils  are  never  formed.  A  cross  section  of  a  kinety  at  any  level  should  not 
show  segments  of  more  than  two  fibrils.  In  Paranieciitui  the  maximum  number 
appears  to  be  five. 

In  life  the  association  of  the  fibrils  in  the  region  of  overlap  is  presumably  an 
intimate  one  and  it  appears  to  be  so  in  some  electron  photomicrographs  (Fig.  2), 
but  in  many  preparations  (Figs.  1.3)  the  fibrils  are  widely  separated  at  the  region 
of  overlap.  This  may  be  ascribed  to  the  violent  action  of  the  sonic  treatment,  sur- 
face tension  forces  during  drying  and  the  relatively  small  area  of  contact  between 
the  fibrils.  This  failure  to  observe  intimate  association  in  most  cases  serves  to 
emphasize  the  apparent  absence  of  any  sheath  or  cementing  material  binding  the 
fibrils  together.  Indeed,  no  information  is  yet  available  concerning  the  details  of 
this  association.  It  is  one  of  the  more  interesting  problems  arising  from  the  study. 

Polarity 

Examination  of  the  figures  reveals  that  the  kinetodesmal  fibrils  of  the  unit 
structures  all  extend  in  the  same  direction  from  their  kinetosomes.  They  are 
polarized.  Therefore,  it  becomes  a  matter  of  some  interest  to  establish  the  direc- 
tion of  this  polarity  ;  to  determine  whether  the  fibrils  extend  toward  the  anterior  or 
posterior  end  of  the  animal.  Three  independent  observations  bear  upon  this  prob- 
lem and  they  show  that  the  fibrils  pass  toward  the  anterior  end  of  the  animal. 
These  observations  are  the  following :  1 )  The  kinetodesmal  fibrils  pass  to  one  side 
of  the  next  adjacent  kinetosome  (Fig.  1).  This  arrangement  is  regular  and  con- 
sistent in  all  electron  photomicrographs  except  for  an  occasional  fibril.  These  ex- 
ceptional cases  may  be  ascribed  to  alterations  of  the  pattern  during  preparation. 
Indeed  it  is  astonishing  that  the  pattern  is  so  regular  considering  the  violent  nature 
of  the  treatment.  This  pattern  is  believed  to  be  the  basis  for  the  "rule  of  desmo- 
dexy"  (Chatton  and  Lwoff,  1935;  Lwoff,  1950).  This  rule  states  that  kim-to- 
somes  always  lie  to  the  left  (animal's  left)  of  the  kinetodesma.  \Yhen  the  photo- 
micrographs are  oriented  according  to  desmodexy,  the  fibrils  are  found  to  pass 
forward,  i.e.,  anteriorly.  This  relation  is  illustrated  in  Figure  1.  Since  this  figure 
shows  the  inner  surface  of  the  pellicular  fragment,  the  observer's  right  and  left 
correspond  to  the  animal's  right  and  left.  2)  The  isolated  oral  apparatus  is  highly 
asymmetrical  (Fig.  6)  and  is  easily  oriented  (see  next  section)  with  respect  to  the 
anterior-posterior  axis  of  the  animal.  Occasionally  the  oral  apparatus  is  isolated 
with  pieces  of  adjacent  pellicle  attached  and  the  orientation  of  the  kinetodesmal 
fibrils  attached  to  such  pellicle  can  be  established  with  respect  to  the  anterior- 
posterior  axis  of  the  neighboring  oral  apparatus.  Nine  cases  of  this  sort  were 
examined.  In  eight  of  these  the  fibrils  were  directed  anteriorly.  In  the  9th  the 
fibrils  were  directed  posteriorly  but  this  may  not  be  a  valid  case  for  it  is  possible 
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that  this  figure  represents  an  isolated  oral  apparatus  lying  over  a  fragment  of  un- 
related pellicle.  3)  \Ylien  subjected  to  mild  sonic  treatment  large  segments  of 
individual  animals  may  he  obtained.  In  favorable  preparations  these  are  largely 
free  of  internal  protoplasm.  Such  ''eviscerated"  animals  may  retain  the  original 
form  of  the  organism.  The  posterior  end  of  such  a  preparation  is  illustrated  in 
Figure  _'.  The  fact  that  there  are  two  layers  of  pellicle,  one  over  the  other,  renders 
it  difficult  to  follow  some  of  the  kineties  and  to  determine  which  kinety  belongs 
to  which  layer,  but  the  figure  clearly  shows  that  the  individual  kinetodesmal  fibrils 
pass  anteriorly  from  their  kinetosomes. 

C.  Oral  anatoinv 

The  preparations  obtained  by  sonic  dissection  contain  large  numbers  of  oral 
structures  in  various  degrees  of  isolation  (see  previous  section  under  polarity). 
Representative  examples  are  shown  in  Figures  5  and  6.  With  the  exception  of 
the  oral  cilia  these  preparations  appear  to  consist  of  substantially  the  entire  oral 
apparatus  including  the  four  "membranelles"  and  their  interconnecting  fiber  systems. 

The  orientation  of  these  isolates  is  readily  established.  This  may  he  done  by 
reference  to  the  abundant  figures  in  the  literature  from  light  microscope  studies,  by 
reversing  argument  number  2  presented  above  in  the  section  on  polarity,  by  ex- 
amining large  fragments  (argument  Xo.  3  in  the  above  section  on  polarity)  and  by 
phase  microscope  examination  of  fixed  material  preliminary  to  sonic  treatment. 
Applying  these  criteria  the  specimen  illustrated  in  Figure  6  is  found  to  be  an  out- 
side view  of  the  oral  complex  and  the  foundations  of  three  of  the  four  "mem- 
branelles" are  readily  identified.  The  right  (animal's  right,  observer's  left)  and 
about  half  the  posterior  margin  of  the  oral  complex  consist  of  the  first  of  these, 
the  so  called  "'undulating  membrane."  A  portion  of  one  component  cilium  re- 
mains attached  to  the  foundation  of  this  membrane.  The  second  "membranelle" 
is  readily  identified  on  the  left  (animal's  left,  observer's  right)  anterior  margin  and 
the  third  is  located  immediately  posterior  and  nearly  parallel  to  the  second.  The 
fourth  "membranelle"  is  almost  certainly  situated  in  the  electron-opaque  material 
posterior  to  the  third  "membranelle,"  where  a  number  of  kinetosomes  appear  to  be 
located.  However,  this  region  has  not  been  observed  clearly  in  the  otttside  views 
of  the  oral  apparatus  and  it  is  equally  obscure  in  inside  views.  These  complexes 
and  their  interconnecting  fiber  systems  invite  the  detailed  descriptions  given  below. 

Membranelle  \<>.  /   (undulating  membrane) 

The  foundations  of  the  membranelles  are  relatively  dense  and  reveal  less  detail 
than  might  be  desired.  The  first  membranelle  is  no  exception.  Tt  appears  to  con- 
sist of  a  marginal  row  of  cilium  bases,  presumably  kinetosomes.  Segmentally 
arranged  masses  of  material,  O.S  p.  long,  extend  "medially"  (presumably  toward  the 
interior  of  the  animal)  from  these.  They  appear  to  correspond  in  number,  but  not 
necessarily  in  position  to  the  ciliary  bases  and  are  readily  identified  in  the  anterior 
portion  of  the  membranelle  (Fig.  6).  Tn  some  figures  (Fig.  5)  these  masses  ap- 
pear  to  be  broken  up  in  a  fashion  to  suggest  at  least  three  parallel  rows  of  cilium 
However,  light  microscope  .studies  (<'.//.,  Furgason,  1940)  show  only  one 
row  oi  cilia  in  this  membrane  and  electron  microscope  figures  of  specimens  with 
intact  cilia  support  this  view.  A  suggestion  of  a  longitudinal  fiber  (or  series  of 
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short  overlapping  fibers?)  is  visible  just  medial  to  the  cilium  liases  in  the  anterior 
end  of  the  membranelle  foundation  (Fig.  6). 

Although  these  details  of  structure  have  their  interest,  the  most  striking  feature 
of  the  membranelle  is  the  fan-shaped  series  of  fillers  that  extend  from  it.  In  the 
figures  this  fan  extends  toward  the  left  of  the  oral  apparatus,  under  the  left  posterior 
margin  and  beyond.  This  is  clearly  shown  in  Figures  5  and  6.  The  fans  of  fibers 
illustrated  in  these  figures  are  broken  off  relatively  close'  to  their  origins.  In  some 
other  figures,  however,  they  appear  to  be  relatively  intact.  In  these  they  are  found 
to  extend  at  least  13  microns  beyond  the  left  margin  of  the  oral  apparatus.  The 
fan  of  fibers  tapers  as  it  extends;  whether  this  taper  results  from  decrease  in  fiber 
number  or  from  reduction  in  fiber  diameter  (or  both)  has  not  been  determined, 
but  if  there  is  no  reduction  in  number,  the  longest  fibers  must  extend  for  approxi- 
mately 20  microns  (nearly  half  the  length  of  the  animal)  from  their  bases.  Pre- 
sumably these  fibers  extend  down  or  close  to  the  right  side  of  the  gullet  in  the  intact 
animal,  but  where  they  end  has  not  been  established. 

The  relation  of  these  fibers  to  the  kinetosomes  of  the  membranelle  cilia  present  > 
an  interesting  challenge  to  the  microanatomist.  The  individual  fibers  of  the  fan 
arise  at  or  near  the  kinetosomes  of  the  membranelle.  However,  there  appear  to  be 
fewer  fibers  than  kinetosomes  (16  and  28,  respectively,  in  Fig.  6).  No  fibers  are 
seen  to  extend  to  the  first  three  or  four  kinetosomes  in  Figure  (i,  whereas  more  pos- 
teriorly a  fiber  seems  to  extend  to  every  second  kinetosome.  The  function  of  tlioe 
fibers  and  their  relation  to  other  organelles  present  interesting  problems  for  future 
study.  The  fact  that  some  of  the  fibers  appear  double  in  Figure  5  enhances  this 
interest. 

Mcnihrancllcs  II,  III  and  II' 

The  second  and  third  membranelles  each  appear  to  consist  of  at  least  three 
rows  of  ciliary  bases  or  kinetosomes.  This  is  evident  only  for  membranelle  III  in 
Figure  6.  Figures  not  reproduced  here  show  a  similar  condition  in  membranelle 
II.  The  region  of  membranelle  IV  has  such  high  electron-scattering  power  that 
little  detail  is  revealed  in  any  of  the  photomicrographs  so  far  obtained.  A  single 
row  of  kinetosomes  does  extend  into  this  area  from  the  anterior  end  of  membranelle 
III  and  the  individual  kinetosomes  of  this  row  appear  to  be  highly  constant  in  posi- 
tion and  number. 

The  four  membranelles  are  interconnected  by  complex  patterns  of  filters  that 
are  revealed  only  in  inside  views  of  the  oral  apparatus.  Prominent  among  these 
is  a  series  of  parallel  fibers  extending  from  membranelle  II  to  membranelle  III 
and  what  may  be  a  continuation  of  this,  a  similar  system  extending  from  membrane 
III  toward  membranelle  I  (undulating  membrane)  and  possibly  connecting  with 
the  latter.  These  fibers  appear  to  join  with  the  membranelle  kinetosomes.  The 
appearance  of  these  fibers  suggests  that  they  lie  relatively  dee])  below  the  oral 
pellicle.  A  second  system  of  short,  irregularly  arranged  fibers  occupies  a  more 
superficial  position.  Neither  of  these  systems  has  been  studied  in  detail  and  they 
must  be  examined  more  thoroughly  before  an  accurate  description  can  be  given. 

Oral  and  kinctodesinal  fibrils  compared 

A  comparison  of  the  oral  fibers  (Figs.  5,  6),  especially  the  fan  fibers  from  mem- 
branelle I,  with  the  kinetodesmal  fibrils  (Figs.  1,  2.  3.  4)  of  the  body  ciliature  im- 
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mediately  reveals  that  the  t\v<>  types  of  filters  are  tjuite  different  in  structure.  The 
kinetodesmal  fibrils  are  short  and  rather  uniform  in  length  whereas  the  oral  fibers 
appear  to  vary  in  length  from  memhranelle  to  memhranelle.  The  fan  fihers  in 
particular  arc  very  long.  Moreover,  the  construction  of  the  fihers  from  the  two 
region.-  is  strikingly  different.  The  kinetodesmal  fibrils  have  the  marked  periodic 
organization,  clearly  revealed  in  Figure  3.  No  trace  of  this  periodicity  appears  in 
any  of  the  figures  of  the  oral  fihers.  These  figures  include  fihers  that  are  shadowed 
along,  and  at  right  angles  to.  the  filter  axis.  Some  figures  include  hoth  kineto- 
desmal fihrils  with  clean-cut  periodicity  and  oral  filters  lacking  such  organization. 
If  the  oral  and  kinetodesmal  fihers  are  homologous  structures,  as  would  appear  to 
he  the  case  considering  the  currently  accepted  view  of  stomatogenesis,  then  these 
differences  in  organization  must  reflect  specific  differences  in  a  single  morpho- 
genetic  machine.  Since  this  machine  must  operate  fairly  close  to  the  macromole- 
cular  level,  it  and  its  products  warrant  special  attention  and  more  exhaustive  study. 

DISCUSSION 

This  study  provides  new  information  of  two  sorts.  The  first  and  more  sig- 
nificant of  these  is  confirmatory  information  of  a  general  nature,  the  second  concerns 
the  specific,  detailed  morphology  of  Tctnihymena. 

( 'onfirwiatory 

The  observations  reported  here  confirm  the  major  contribution  of  the  first  study 
in  this  series.  This  contribution  concerns  the  structure  of  the  kineties  of  ciliates. 
These  are  now  found  to  he  built  up  of  discrete  units  in  Tetrohymena  as  well  as  in 
Paramecium.  Each  kinety  unit  consists  of  a  cilium.  kinetosome  and  a  short  tapering 
kinetodesmal  fibril.  The  units  are  associated  by  overlap  of  the  kinetodesmal  fibrils 
to  form  the  kineties  and  they  are  polarized  toward  the  anterior  of  the  animal  in  this 
association.  The  confirmation  of  this  basic  structure  in  TctraJiyiucna  lends  some 
support  to  the  view  that  this  construction  may  be  widespread  if  not  universal  among 
ciliates. 

This  basic  kinety  structure  has  certain  interesting  implications  for  the  physiology 
of  conduction  and  coordination  and  for  morphogenesis  in  ciliates.  These  aspects 
have  been  discussed  at  some  length  in  the  first  paper  of  this  series  (Metz,  Pitelka 
and  \Ye.stfal1.  1^53)  and  they  need  not  be  repeated  in  detail  here.  \Yith  regard  to 
conduction  it  is  sufficient  to  emphasize  that  an  acetylcholine-acetvlcholine  esterase 
s\  >tem  appears  to  be  involved  in  the  locomotion  of  Tetrahymena  (Seaman,  lc'51  ; 
Seaman  and  Houlihan.  1('51  ).  This  may  operate  in  "synaptic"  transmission  from 
the  kinetodesmal  fibril  of  one  kinety  unit  to  that  of  the  next  unit  (  Metz.  IMtelka  and 
\\Ystfall,  1953).  The  operation  of  such  a  mechanism  is  more  readily  visualized  in 
Tetrahymena  than  in  Paramecium  because  of  the  relatively  simpler  construction  in 
the  fanner  organism.  In  Tcln>h\incna  the  overlapping  kinetodesmal  fibrils  are  so 
orl  that  any  single  fibril  contacts  only  the  fibrils  of  the  two  units  immediately  ad- 
jacent in  it  (one  anterior,  the  other  posterior,  to  the  given  unit  ) .  Consequently,  any 
coordinating  impulse  would  necessarily  pass  stepwise  from  one  kinetodesmal  fibril 
to  the  ne  idjacent  fibril.  In  I'uniiiicciuin  the  kinetodesmal  fibrils  are  relatively 
much  longer,  so  much  longer  that  they  form  bundles  up  to  five  fibrils  in  cross  section. 
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Orderly  transmission  here  would  seem  to  require  some  selective  agency   (Metz, 
Pitelka  and  Westfall,  1953). 

Because  of  its  relative  simplicity  the  fibrillar  system  of  Tetrahymena  should  be 
favorable  material  for  morphogenetic  studies  at  the  electron  microscope  level.  It 
should  not  be  difficult  to  obtain  division  stages  showing  multiplication  of  the  kinety 
units.  Even  stages  in  stomatogenesis  are  not  beyond  expectation.  But  until  such 
preparations  are  obtained,  discussion  of  morphogenesis  beyond  that  already  given 
(Metz,  Pitelka  and  Westfall,  1953)  is  of  no  great  value. 

Specific  morphology 

The  morphology  of  Tetrahymena  and  related  organisms  has  been  studied  exten- 
sively by  a  number  of  investigators  using  light  optics  combined  with  silver  staining. 
Furgason  (1940)  and  Corliss  (1952a,  1953)  have  reviewed  this  work  thoroughly 
and  their  accounts  will  serve  as  the  basis  for  the  following  discussion.  The  electron 
optical  preparations  clarify  to  some  extent  the  confusion  that  exists  regarding  the 
detailed  anatomy  of  the  "ciliary  meridians"  and  certain  aspects  of  the  oral  morphol- 
ogy in  Tetrahymena.  These  particular  problems  will  be  considered  here. 

The  ciliary  meridians,  as  revealed  by  light  optics  and  silver  impregnation,  are 
complex  and  somewhat  variable  structures.  The  most  constant  features  include  the 
"primary  meridians"  connecting  the  ciliary  bases  in  longitudinal  rows  and  "secondary 
meridians"  running  parallel  to  and  approximately  midway  between  the  primary  merid- 
ians. In  some  preparations  even  a  third  or  tertiary  meridional  structure  is  described. 
Aside  from  these  meridians  transverse  structures  are  frequently  observed  which  ex- 
tend on  the  left  from  the  primary  meridian  to  the  vicinity  of  the  secondary  meridian. 
The  fact  that  the  appearance  of  these  structures  varies  depending  upon  the  extent  of 
silver  impregnation,  has  led  some  investigators  to  the  view  that  many  of  the  described 
structures  are  artifacts  (e.g.,  von  Gelei,  1935).  These  structures  may  be  "artifacts" 
in  the  sense  that  they  do  not  exist  in  the  living  animal  as  actual  fibers ;  but  there  must 
certainly  be  some  specific,  physical  basis  for  them. 

With  the  detailed  picture  of  the  kinetics  and  associated  pellicle  now  available  from 
the  electron  photomicrographs  the  physical  basis  for  certain  of  the  silver  structures 
may  be  discussed  with  some  confidence.  The  "primary  meridians,"  at  least  in  heav- 
ily impregnated  specimens,  lie  in  the  region  of  the  overlapping  kinetodesmal  fibrils. 
The  silver  probably  precipitates  around,  over,  or  in  these  fibers  to  give  the  effect  ob- 
served in  heavily  impregnated  material.  In  lightly  treated  preparations  the  merid- 
ians assume  a  lateral  loop  effect  to  the  left  between  adjacent  kinetosomes.  The 
known  structure  of  the  system  does  not  readily  account  for  this  phenomenon ;  nor 
does  it  account  for  the  lateral  extensions  from  the  primary  meridians  in  heavily  im- 
pregnated material.  However,  in  over-fixed  animals  prepared  for  electron  micros- 
copy (actually  quite  lightly  fixed),  cytoplasmic  material  appears  to  precipitate  pref- 
erentially over  the  kinetics  and  to  extend  as  lateral  projections  in  a  more  or  less 
regular  fashion  (see  Methods  section).  It  is  possible  that  such  material  serves  as 
sites  for  silver  precipitation. 

The  chains  of  ring-like  thickenings  in  the  pellicle  readily  account  for  the  "sec- 
ondary meridians"  of  light  microscopy,  assuming  that  some  silver  precipitates  in  the 
region  of  these  structures.  The  longitudinally  striated  area  of  the  pellicle  lies  to  the 
right  of  the  kinetics  and  apparently  remains  rather  free  of  silver,  although  a  fine 
"fiber"  is  sometimes  observed  in  this  region  with  light  optics. 
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The  above  account  offers  explanations  for  most  of  the  meridional  structures  de- 
scribed in  silver  impregnated  material.  However,  it  should  be  recalled  that  the  sub- 
pellicular  cytoplasm  was  removed  by  the  method  of  preparation  for  electron  micros- 
copy so  there  is  ample  room  for  further  speculation.  Indeed  there  appear  to  be 
many  possible  explanations  for  some  of  the  structures  observed  in  silver  preparations 
and  it  is  unlikely  that  exhausting  them  here  would  serve  a  useful  purpose. 

The  electron  photomicrographs  of  the  oral  structures  reveal  the  wealth  of  detail 
described  earlier  in  this  paper.  The  relation  of  this  detail  to  the  interpretation  of 
light  optical  studies  should  be  obvious.  However,  there  are  two  points  that  deserve 
further  mention. 

One  of  these  is  the  margin  of  the  oral  apparatus.  This  is  delimited  on  the  right 
and  part  of  the  posterior  edge  by  the  first  or  "undulating"  membranelle  and  on  the 
left  anterior  margin  by  the  second  membranelle.  Elsewhere  the  margins  are  free 
of  membranelle  structure.  In  these  free  regions  the  marginal  pellicle  may  be  some- 
what thickened,  but  it  appears  more  likely  that  it  is  supported  by  the  underlying  fiber 
network.  Indeed  it  is  likely  that  the  entire  oral  apparatus  is  held  together  in  these 
fixed  preparations  by  the  complex,  interconnecting  fiber  system.  Whether  or  not 
this  fiber  system  serves  a  supportive  function  in  the  living  animal  is  problematical. 
Nothing  suggesting  the  circumoral  ring  of  light  optics  appeared  in  the  electron  pho- 
tomicrographs. 

The  second  point  of  particular  interest  concerns  the  broad  fan  of  fibers  associated 
with  the  first  or  undulating  membranelle.  This  structure  has  not  been  revealed  in 
detail  by  light  optical  studies,  but  the  rods,  ribs  (Corliss,  1953)  and  "zone  interme- 
diaire"  (Faure-Fremiet,  1948b)  that  appear  in  silver  preparations  certainly  repre- 
sent fragments  of  the  fan  fibers.  Furthermore,  there  is  no  longer  any  excuse  for 
confusing  the  individual  fibers  of  the  fan  with  cilia. 

Favorable  preparations  of  the  pre-oral  region  have  not  yet  been  obtained.  The 
inferior  ones  that  have  been  examined  fail  to  show  the  "intermeridional  connecting 
fibers"  of  light  microscopy.  Undoubtedly  some  basis  for  these  in  the  form  of  fibers 
or  pellicular  sculpturing  as  well  as  other  interesting  morphological  details  will  reward 
further  investigation. 

The  electron  microscope  at  North  Carolina  State  College  was  used  in  this  study. 
\Ye  wish  to  thank  Dr.  A.  C.  Menius  and  Mr.  W.  T.  Withers  for  its  use  and  for  their 
assistance. 

We  also  wish  to  thank  Dr.  D.  P.  Costello  and  the  members  of  his  department  for 
the  hospitality  of  their  laboratories,  for  their  interest  in  the  work  and  for  many  help- 
ful suggestions. 

Finally  we  wish  to  express  our  appreciation  to  Dr.  Dorothy  R.  Pitelka  of  the 
University  of  California  for  her  continued  interest  in  this  work  and  for  reading  the 
manuscript  and  making  valuable  suggestions  and  additions  in  its  preparation. 

SUMMARY 

1.  Alacronuclei,  mitochondria,  fragments  of  the  pellicle'  and  the  oral  apparatus  of 
Tetrahymena  may  be  isolated  for  electron  microscopy  by  sonic  dissection  of  osmium 
tetroxide  fixed  material.  The  fine  morphology  of  the  pellicle,  the  attached  fibrillar 
structures  and  the  oral  apparatus  are  described. 
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2.  The  pellicle  consists  of  a  thin  membrane  which  is  sculptured  to  give  a  striated 
area  immediately  to  the  right  of,  and  parallel  to,  each  kinety,  and  two  longitudinal 
ring-tike  thickenings,  one  at  the  level  of  and  the  other  midway  between  the  kinetics. 

3.  The  kinetics  of  Tctrahymcna,  like  those  of  Pannncciitin,  are  compound  struc- 
tures built  up  of  discrete  units.     Each  unit  consists  of  three  parts  : 

(a)  The  cilium  which  passes  through  a  ring-shaped  thickening  in  the  pellicle. 

(b)  The  ciliary  basal  body  or  kinetosome.     This  structure  consists  of  two  parts 
separated  by  a  constriction. 

(c)  A  short,  tapering,  kinetodesmal  fibril  which  arises  from  the  kinetosome. 

These  units  of  kinety  structure  are  associated  by  their  kinetodesmal  fibrils.  These 
fibrils  overlap  in  shingle-like  fashion  to  form  the  kinetodesma  of  the  light  micro- 
scopist.  The  individual  kinetodesmal  fibrils  are  highly  polarized  in  this  association. 
They  all  taper  toward  the  anterior  end  of  the  animal.  This  mode  of  organization 
has  now  been  demonstrated  clearly  in  two  ciliates,  Tetrahymena  and  Paramecium. 
It  will  not  be  surprising  if  it  is  found  to  occur  generally  in  ciliates. 

4.  The  detailed  structure  of  the  oral  apparatus,  including  the  bases  of  the  four 
membranelles  and  certain  of  their  fibers,  is  revealed  with  new  clarity.     Prominent 
among  the  latter  is  a  large  fan-shaped  group  of  fibers  which  arises  from  the  first  or 
undulating  membranelle  and  probably  extends  deep  into  the  interior  of  the  animal. 

5.  The  physical  basis  for  some  of  the  structures  revealed  to  the  light  microscopist 
by  silver  impregnation  is  discussed. 
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Phosphorus  is  of  physiological  importance  to  mollusks  not  only  in  their  carbo- 
hydrate metabolism  and  energy  transfer  systems  but  also  in  shell  deposition.  Both 
Manigault  (1939)  and  Bevelander  and  Benzer  (1948)  have  associated  shell  deposi- 
tion with  phosphatase  activity,  and  the  latter  also  suggested  that  the  first  material 
to  be  deposited  is  calcium  phosphate,  which  is  changed  into  calcium  carbonate  in  the 
presence  of  a  phosphatase.  Love  and  Frommhagen  (1953)  have  found  further  evi- 
dence that  calcium  phosphate  is  the  precursor  of  calcium  carbonate  in  Mactra  (Sf>i- 
sula)  solidissima.  Bevelander  (1952)  exposed  several  species  of  mollusks  to  P3L'O4 
ions  in  sea  water  and  found  in  radioautographs  that  P32  was  localized  on  the  inner 
surface  of  the  mantle,  below  the  surface  epithelium.  Since  aqueous  methods  were 
used  in  the  preparation  of  the  tissues,  the  P32  shown  by  his  radioautographs  was 
only  that  fraction  which  had  entered  water-insoluble  combinations. 

Two  sources  of  phosphorus  are  potentially  available  to  marine,  ciliary  feeding 
mollusks :  that  combined  in  suspended  particulate  matter,  such  as  plankton  and 
detritus,  and  that  in  solution  in  sea  water  in  various  chemical  combinations.  The 
latter  may  be  divided  into  phosphate  ions  in  equilibrium  with  various  cations  and 
dissolved  organic  compounds  which  include  phosphorus  in  their  makeup. 

Ronkin  (1950)  has  shown  that  P3L'O4  ions  are  absorbed  by  the  excised  gill  of 
Mytihts  cdulis,  and  he  suggests  that  some  of  this  phosphorus  is  used  in  the  produc- 
tion of  adenosine  triphosphate  by  the  gill,  to  be  used  in  maintaining  the  extensive 
ciliary  action  there.  It  has  been  further  shown  (Pomeroy  and  Haskin,  1951)  that 
phosphate  ions  are  absorbed  by  the  oyster  from  sea  water  principally  through  the 
gills,  and  that  these  ions  appear  rapidly  in  the  blood  and  eventually  in  other  tissues. 
This  report  gives  further  information  on  the  uptake  and  distribution  of  phosphorus 
in  the  oyster,  the  absorptive  mechanism,  and  the  importance  of  the  direct  utilization 
of  ions  from  the  surrounding  water. 

MATERIALS  AND  METHODS 

Phosphorus  analyses  on  sea  water  were  performed  by  the  method  of  Redfield 
ct  al.  (1937),  modified  for  the  use  of  a  photometer.  Phosphorus  analyses  on  tissues 
were  made  by  wet-ashing  them  in  sulfuric  and  nitric  acid,  driving  off  the  excess  nitric 
acid  by  slow  heating,  carbonization  of  the  organic  matter  in  the  remaining  sulfuric 

1  This  work  supported  by  the  U.  S.  Atomic  Energy  Commission,  Division  of  Biology  and 
Medicine,  under  Contract  AT- (30-1 ) -920.  Radioisotopes  were  supplied  by  Oak  Ridge  National 
Laboratories. 
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acid,  oxidation  with  30  per  cent  hydrogen  peroxide,  and  proceeding  as  with  sea 
water  samples.  All  tissues  were  collected  and  ashed  in  duplicate.  Aliquots  from 
the  wet-ashed  tissue  samples  were  evaporated  to  dryness  on  planchets  of  uniform 
area  and  counts  made  of  their  radioactivity  using  a  sealer  and  counting  tube  with 
an  end-window  density  of  1.4  mg.  cm.-.  Samples  were  sufficiently  small  and  di- 
lute to  prevent  appreciable  self-absorption.  This  was  verified  by  counts  of  a  suit- 
able graduated  series  of  sample  dilutions. 

Radioautographs  were  made  by  two  of  the  methods  of  Holt  and  Warren  (1950), 
one  of  which  involved  quick  freezing  and  vacuum  dehydration  while  the  other  in- 
volved fixation  in  neutral  alcohol-formalin  fixative.  In  addition,  radioautographs 
were  prepared  of  frozen  gross  serial  sections  of  whole  oysters.  The  latter  were 
particularly  useful  in  studying  phosphorus  distribution.  Their  preparation  involved 
quick-freezing  the  whole  oyster,  rapidly  preparing  gross  sections  three  to  four  milli- 
meters in  thickness  of  the  frozen  specimen,  and  clamping  them  against  cold  nuclear 
track  plates.  The  sections  were  kept  frozen  throughout  the  cutting,  clamping,  and 
exposure  periods.  Eastman  NTB  nuclear  track  plates  with  a  ten-micron  emulsion 
proved  satisfactory,  even  when  exposure  involved  prolonged  storage  in  a  freezer. 
The  simplicity  of  the  process  permitted  the  preparation  of  radioautographs  of  serial 
gross  sections  of  a  number  of  oysters  with  a  minimum  of  time  and  equipment.  Since 
the  sections  remained  frozen  throughout,  there  was  no  loss  or  movement  of  soluble 
radioisotopes. 

The  oysters  used  were  Delaware  Bay  market-size  oysters.  Nearly  all  the  oysters 
were  from  a  single  lot  which  was  stored  in  trays  in  the  Bay.  Small  groups  were 
brought  to  the  laboratory  by  car  periodically.  There  they  were  kept  in  a  cold  room, 
if  not  needed  immediately.  When  stored  in  a  cold  room,  they  were  placed  in  sea 
water  at  20°  C.  for  24  hours  before  use,  and  were  then  transferred  to  fresh  sea  water. 
The  responses  of  stored  oysters  were  normal  when  compared  with  freshly  collected 
ones. 

All  oysters  were  scrubbed  with  a  stiff  brush  and  washed  in  running  water  to  re- 
move sand,  loose  shell  fragments,  and  attached  organisms.  Measurements  of  the 
radioactivity  of  the  outer  surface  of  oyster  shells  at  the  end  of  experiments  indicated 
that  there  was  little  adsorption  of  phosphate  ions  or  accumulation  of  radioactive  phos- 
phorus by  such  micro  flora  as  might  have  remained  attached. 

Each  of  the  experiments  described  represents  one  of  several  replications  made  at 
somewhat  varied  initial  phosphate  concentrations. 

OBSERVATIONS 
7.   Uptake  oj  phosphate  h\>  oysters 

Groups  of  six  oysters  were  placed  in  individual  battery  jars,  each  with  one  liter 
of  water  containing  40  micrograms  of  phosphate  phosphorus,  to  which  20  micro- 
curies  of  P32  as  H.3PO.J  had  been  added.  The  addition  of  the  radioisotope  did  not 
increase  the  concentration  of  phosphate  ions  in  the  sea  water  significantly.  A  con- 
slant  temperature  of  18°  C.  was  maintained.  After  various  time  intervals  a  group 
of  six  was  removed  for  assay  of  the  tissues.  Duplicate  samples  were  taken  of  sev- 
eral tissues.  All  oysters  were  observed  to  establish  the  fact  that  they  were  open 
while  in  the  labelled  sea  water.  The  results  are  shown  in  Figure  1.  The  apparent 
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drop  in  the  mean  specific  activity  of  most  tissues  at  64  hours  as  compared  with  16 
hours  is  not  significant.  Individual  variation  was  so  great  that  uptake  rates  are 
only  approximated  by  this  method.  This  is  particularly  true  in  the  case  of  the  di- 
gestive gland,  with  a  very  low  and  variable  uptake  rate.  It  appears,  however,  that 
a  steady  state  is  reached  at  about  16  hours. 

Several  oysters  which  did  not  open  while  in  the  labelled  sea  water  were  also  as- 
sayed.    None  showed  any  radioactivity  in  the  tissues,  although  in  most  cases  the 
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FIGURE  1.     Uptake  of  phosphate  ions  labelled  with  P32  from  sea  water  by  groups  of  oysters. 

See  text  for  description. 

pallial  border  was  exposed,  for  the  shells  had  been  chipped  to  facilitate  opening  them 
when  radioactive. 


2.   Uptake  of  phosphate  ions  by  excised  oyster  tissues 

Excised  tissues  from  three  oysters  were  placed  in  P32-labelled  sea  water  which 
was  aerated  and  maintained  at  18°  C.  in  a  water  bath.  The  pieces  of  tissue  were 
about  one  cm.2  in  size.  The  amount  of  exposed  cut  surface  varied,  being  compara- 
tively little  in  the  case  of  gills  and  great  in  the  digestive  gland  and  adductor  muscle. 
After  time  intervals  comparable  to  those  in  the  preceding  study,  duplicate  samples 
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FIGURE  2.  Uptake  of  phosphate  ions  labelled  with  P3-  from  sea  water  by  groups  of  excised 
tissues  of  oysters.  Gill,  •  ;  mantle,  A;  adductor  muscle,  O;  digestive  gland,  A.  See  text  for 
description. 

of  each  tissue  were  removed  and  assayed.     Figure  2  shows  the  results,  with  com- 
puted lines  of  best  fit.     The  relationship  of  uptake  to  time  is  essentially  linear. 

3.  Labelled  phosphorus  in  the  blood 

Oysters  were  placed  in  labelled  sea  water  as  in  the  first  experiment.  After  vari- 
ous time  intervals  samples  of  blood  were  removed  from  the  heart  and  assayed.  The 
results  are  shown  in  Table  1.  Kach  value  is  the  mean  of  duplicate  samples  of  six 
oysters.  The  total  blood  phosphorus  varied  in  different  individuals  from  eight  to 
30  micrngranis  per  milliliter.  However,  there  was  a  labile  fraction  which  was  rela- 
tively consistent  in  terms  of  per  cent  of  total  phosphorus. 
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TABLE  I 

Mean  uptake  of  phosphate  ions  by  the  blood  of  oysters  in  sra  uiiter  .labelled 
with  P32  at  18°  C.,  expressed  as  per  cent  of  total  blood  phosphorus 


Hours  in  P32                       

i 

2 

4 

8 

12 

%  of  blood  phosphorus 

labelled 

0.03 

0.05 

0.08 

0.08 

0.09 

4.  Excretion  of  phosphorus  by  oysters 

Several  oysters  were  placed  in  individual  aerated  battery  jars  containing  filtered 
sea  water  maintained  at  18°  C.  The  water  was  replaced  at  two-  to  four-day  inter- 
vals for  33  days.  Phosphorus  determinations  were  made  before  and  after  the  \vater 
was  used.  The  average  daily  phosphorus  excretion  is  shown  in  Table  II.  Each 
entry  represents  the  mean  daily  value  for  the  days  the  water  was  in  use.  The  oysters 
had  been  in  dry  cold  storage  prior  to  the  experiment,  and  probably  voided  some  ac- 
cumulated wastes  at  the  beginning.  After  a  week  there  was  little  change  in  the  rate 
of  phosphorus  excretion.  The  oysters  received  no  food  other  than  the  dissolved  or 
exceedingly  small  materials  which  passed  through  the  cotton  filter. 

TABLE  II 

Excretion  of  phosphorus  by  three  oysters,  expressed  in  inicrograms 
of  phosphorus  excreted  per  24  hours 


Days  : 

2 

5 

7 

10 

12 

16 

20 

26 

33 

No.  1 

620 

100 

30 

50 

40 

40 

40 

20 

20 

No.  2 

560 

110 

100 

80 

50 

40 

40 

20 

20 

No.  3 

500 

130 

100 

50 

50 

40 

30 

20 

20 

5.  Radioautographs  of  pJwsplwnts  distribution 

Oysters  were  placed  in  labelled  sea  water  as  in  the  first  experiment,  after  which 
radioautographs  were  prepared  of  several  tissues  and  of  gross  serial  sections  of  whole 
oysters.  After  four  hours  in  P3L'-labelled  sea  water  the  gills  showed  P:1-  to  be  gen- 
erally distributed  in  them.  Other  tissues  showed  no  activity,  except  one  specimen 
which  showed  activity  in  one  of  the  peripheral  blood  vessels  of  the  mantle.  After 
12  hours  in  P3-  most  tissues  produced  radioautographs  of  nearly  uniform  density. 
After  24  hours  radioautographs  were  still  uniform  though  more  intensely  darkened. 

DISCUSSION  AND  CONCLUSIONS 

After  periods  of  one  to  four  hours  of  exposure  to  P3-O4-labelled  sea  water,  P32 
is  detected  in  oysters  only  in  the  gills  and  blood  taken  from  the  heart,  indicating  that 
most,  if  not  all.  phosphate  ions  absorbed  directly  from  sea  water  enter  through  the 
gills  and  reach  other  tissues  via  the  blood.  After  12  hours  only  about  0.1  per  cent 
of  the  total  blood  phosphorus  is  derived  directly  from  dissolved  phosphate  ions. 
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This  small  labile  fraction  may  be  one  of  the  principal  limitations  of  uptake  rate  for 
the  organism  as  a  whole.  However,  additional  factors  may  limit  the  rate  of  uptake 
of  phosphate  ions  by  individual  tissues.  In  repeated  experiments  with  excised  tis- 
sues, their  respective  uptake  rates  always  fell  in  the  same  order.  This  suggests  that 
each  has  a  characteristic  relative  uptake  rate. 

Tin  observation  that  radioautographs  of  the  tissues  of  oysters  which  had  been 
in  sea  water  containing  P3L'O4  ions  were  uniformly  darkened  suggests  to  us  that  most 
of  the  phosphate  ions  remain  in  the  tissue  fluids  for  the  first  24  hours  after  absorp- 
tion. At  least,  there  is  not  enough  concentration  of  the  labelled  ions  in  any  tissue 
to  cause  a  noticeably  greater  darkening  of  any  portion  of  the  radioautographs.  The 
radioautographs  of  Bevelander  (1952),  however,  show  that  in  some  mollusks  a 
fraction  is  incorporated  into  insoluble  materials  within  this  period.  If  this  is  also 
true  in  the  case  of  oysters,  and  probably  it  is,  then  the  amount  of  absorbed  phos- 
phorus converted  to  water-insoluble  compounds  in  24  hours  must  represent  a  small 
fraction  of  the  total  absorbed  phosphorus. 

If  in  experiment  (  1  )  we  take  0.1  microcurie  per  milligram  of  phosphorus  as  the 
approximate  mean  specific  activity  of  the  whole  oyster  after  24  hours  in  labelled  sea 
water  and  assume  (on  the  basis  of  many  analyses)  that  the  average  oyster  weighs 
10  grams  and  contains  20  milligrams  of  phosphorus,  then  the  oysters  in  this  experi- 
ment absorbed  four  micrograms  of  phosphorus  in  24  hours.  The  basal  phosphorus 
loss  through  excretion  is  20  micrograms  in  24  hours.  The  amount  of  phosphorus 
obtained  from  ions  in  sea  water  in  this  case  is  about  20  per  cent  of  the  basic  require- 
ment of  the  oyster.  However,  in  other  experiments  with  different  groups  of  oysters 
the  fraction  of  the  basal  requirement  obtained  from  ions  in  sea  water  varied  from 
five  to  50  per  cent.  These  values  must  be  considered  to  be  only  approximations. 

The  levelling-off  of  specific  activity  in  the  intact  tissues,  as  contrasted  with  the 
continued  accumulation  in  excised  tissues,  suggests  that  in  the  former  the  uptake  is 
balanced  by  losses  from  the  tissues.  The  physiological  significance  of  this  steady- 
state  cannot  be  judged  from  available  information. 

Leenhardt's  (1926)  studies  of  Grypliaca  (  Crassostrea  )  ain/iilohi  indicate  that  the 
gill  circulation  is  by-passed  by  the  principal  blood  vessels,  but  that  there  is  a  small 
exchange  at  all  times  between  the  gill  circulation  and  the  general  circulation.  If  this 
is  also  true  of  C.  rlnjinica,  it  may  be  one  factor  limiting  the  utilization  of  dissolved 
phosphate.  However,  the  gills,  which  obtain  phosphate  ions  from  the  water  with- 
out mediation  by  the  blood,  also  reach  a  steady-state  of  uptake  after  about  16  hours. 
Therefore,  some  limiting  factor  other  than  the  rate  of  circulation  and  the  amount  of 
phosphorus  carried  by  the  blood  would  seem  to  exist. 

Since  the  gills  take  up  relatively  greater  amounts  of  phosphate  from  the  water 
and  obtain  it  directly,  it  is  interesting  to  speculate  that  the  gills  may  be  autonomous 
to  some  degree.  They  may  obtain  a  substantial  part  of  their  nutritional  needs  di- 
rectly by  absorption  and  local  phagocytosis. 

The  observation  that  no  1);-  entered  oysters  which  remained  closed  during  their 
xposure  to  labelled  sea  water,  even  when  the  margins  of  their  shells  were  imperfect, 
shows  that  the  pallial  curtains  are  capable  of  completely  sealing  off  the  mantle  cavity 
!rom  the  external  medium.  It  further  verifies  the  observation  that  the  tissues  of  the 
pallial  curtain  do  not  play  a  large  role  in  the  direct  absorption  of  phosphate  ions 
from  sea  water. 
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A  high  degree  of  physiological  variability  was  noted  in  the  oysters  used  in  this 
work,  although  every  effort  was  made  to  use  oysters  from  a  single  local  population 
and  of  one  size  class  for  any  given  experiment.  Great  variability  was  also  found  by 
Wilbur  and  Jodrey  (1952)  in  the  shell  deposition  process.  Space  limitations  and 
the  large  volumes  of  radioactive  sea  water  involved  made  the  use  of  larger  groups  of 
oysters  impractical. 

It  is  probable  that  other  dissolved  materials  are  absorbed  through  the  pathway 
which  has  been  demonstrated  for  phosphate  ions.  Preliminary  studies  writh  Ca45 
indicate  that  relatively  greater  amounts  of  calcium  are  absorbed  by  the  gills  and  car- 
ried in  the  blood.  This  may  be  the  principal  source  of  calcium  for  shell  deposition. 

SUMMARY 

1.  Phosphate  ions  in  sea  water  are  absorbed  by  oysters,  principally  by  the  gill, 
and  are  carried  by  the  blood  to  all  parts  of  the  organism. 

2.  Directly  absorbed  phosphate  ions  are  incorporated  into  the  tissues  of  adult 
oysters  slowly,  most  remaining  in  water-soluble  forms  24  hours  after  absorption. 

3.  Significant  amounts  of  phosphorus  may  be  obtained  by  oysters  through  the 
direct  absorption  of  phosphate  ions  from  sea  water. 

4.  After  12  hours  in  P:!L'C>4,  directly  absorbed  phosphate  ions  make  up  less  than 
0.1  per  cent  of  the  total  blood  phosphorus.     This  may  be  one  of  the  several  factors 
which  limit  the  utilization  of  phosphorus  from  sea  water. 
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THI-:  KM  )i.i  <  >i-  SPECIFIC  SURFACE  ANTIGENS  IN  CELL  ADHESION. 

I 'ART  I.     THE  REAGGREGATION  OF  SPONGE  CELLS1 

MELVIN  SPIEGEL - 

/Icpttrtinent  of  Bioloi/y,   ['nn-ersity  of  F\oehestcr,  Rochester,  X.   }'.,  ami   Tlie  Marine 
Biological  Laboratory.   Ji'oods  Hole,  Massachusetts 

In  the  "auto-antibody  concept"  of  Tyler  (1940,  1942,  1946,  1947)  and  the 
"molecular  ecology"  of  Weiss  (1941,  1947,  1950)  one  important  part  is  the  hy- 
pothesis that  contiguous  cell  surfaces  are  normally  held  together,  at  least  partly,  by 
forces  like  those  between  antigens  and  homologous  antibodies.  The  forces  are 
assumed  to  be  associated  with  specific  macromolecules,  of  at  least  two  stereochemi- 
cally  reciprocal  types  per  cell,  so  held  in  the  cell  surface  that  they  can  combine 
from  cell  to  cell.  The  hypothesis  has  been  shown  to  be  compatible  with  a  diverse 
array  of  observational  and  experimental  data,  particularly  by  Tyler  ( 1947)  and 
Weiss  (1947).  However,  both  workers  have  emphasized  the  need  for  new  ex- 
periments. "It  is  obviously  essential  for  us  first  to  obtain  further  evidence  for  or 
against  the  existence  of  such  antigen-antibody  like  systems  of  complementary  sub- 
stances within  cells"  (Tyler,  1947;  p.  17).  "The  subtle  means  by  which  cells  can 
recognize  each  other  and  their  appropriate  environments  are  still  wholly  conjec- 
tural" (Weiss,  1950;  p.  184). 

It  has  been  proposed  (Tyler,  1947)  that  for  further  investigations  along  this 
line,  the  phenomena  of  selective  reaggregation  of  dissociated  sponges  (Wilson, 
1910;  Galtsoff,  1925)  and  of  the  segregation  of  cells  that  occurs  in  certain  com- 
binations of  embryonic  tissues  (Holtfreter,  1939)  should  constitute  favorable 
material. 

One  type  of  experiment  is  suggested  by  the  proposal  that  inacroinolcciilcs  are 
involved.  Such  molecules  might  act  as  antigens  when  injected  from  one  species 
into  another.  Antisera  so  produced  should  affect,  in  a  predictable  way,  processes 
involved  in  cell  adhesion.  Experiments  of  this  type  are  reported  here  on  dis- 
sociated Microciona  [>rolijera  and  Cliona  cclaia.  In  a  second  paper  (Spiegel,  1954) 
experiments  on  embryonic  cells  of  Rana  pipiais  and  Triton  alpcstris  are  reported. 

XOKMAL  REAGGREGATION  AND  SEGREGATION 

A  review  of  the  essential  phenomena  in  sponge  reaggregation  and  segregation 
may  be  a  useful  preliminary  to  consideration  of  the  experimental  results. 

Wilson   (1907)    first  showed   that  a  sponge  could   be  dissociated,   by   pressing 

through  bolting  cloth,  into  isolated  cells  which  would  form  a  number  of  reaggre- 

within  a  day's  time,     (ialtsoff  (1925)  showed  that  clusters  of  about  2,000  or 

more  cells  are  capable  ot  reorganizing,  after  5—6  days  under  proper  conditions,  into 
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perfect  miniature  sponges.  Various  aspects  of  the  phenomena  have  been  studied 
by  Wilson  (1910,  1932),  Galtsoff  (1923.  1925,  1926.  1929),  de  Laubenfels  (1927, 
1932)  and  Brp'ndsted  (1936)  among  others,  and  the  following  account  is  based 
partly  on  their  observations  and  those  of  the  present  author. 

After  disaggregation  the  cells  slowly  settle  down.  Upon  coining  in  contact 
with  the  substratum,  archeocytes  and  pinacocytes  flatten  out,  adhere  and  put  forth 
hyaline  pseudopodia.  They  begin  to  move  almost  immediately.  The  archeocytes 
are  more  active  and  move  at  about  0.6-3.5  microns  per  minute,  changing  direction 
apparently  at  random  roughly  three  times  per  hour.  Under  extremely  favorable 
conditions  their  velocity  may  reach  20  microns  per  minute  (Galtsoff,  1925).  Move- 
ment continues  for  about  24  hours. 

Upon  coming  in  contact  with  one  another,  the  cells  generally  coalesce.  The 
plasma  membranes  of  the  apposed  cells  seem  to  join  together  zipper-wise,  proceed- 
ing from  the  area  of  first  contact.  After  5-10  minutes,  the  surface  of  union  be- 
tween the  two  cells  is  indistinct  or  has  vanished  and  it  appears  that  the  clear  outer 
hyaloplasm  has  formed  a  common  matrix  for  the  two  inner  granuloplasms  which 
remain  distinct  and  separate  from  one  another. 

As  new  contacts  continue  to  occur,  larger  and  larger  aggregates  are  formed,  the 
number  and  size  depending  on  the  density  of  the  original  suspension  and  on  tem- 
perature, osmotic  pressure,  ionic  composition,  pH  of  the  medium,  etc.  Aggregates 
increase  in  size  by  addition  of  single  cells  or  by  coalescence  with  other  aggregates. 
Under  Galtsoff's  standard  conditions  some  aggregates  were  about  0.5  mm.  in 
diameter,  consisting  of  roughly  2000  cells,  after  one  day.  Neither  number  nor  size 
of  aggregates  changes  further  after  ameboid  movement  stops  at  the  end  of  24  hours. 

Present  observations  reveal  certain  additional  features  of  interest.  Movements 
of  granules  during  cell  coalescence.  In  Microciona  while  a  pair  of  cells  is  coa- 
lescing, their  granules  undergo  a  series  of  intense  movements  and  shifts  in  position, 
resulting  in  a  striking  reorganization  of  the  granuloplasm.  The  granules  which 
seem  originally  to  be  distributed  at  random  in  the  cytoplasm  of  an  isolated  cell 
reorient  so  as  to  lie  immediately  inside  the  surface  of  the  granuloplasm.  The 
archeocyte  nuclei,  which  previously  had  been  partly  or  wholly  obscured  by  the 
granules,  are  now  quite  evident  with  conspicuous  light  green  nucleoli.  Fusion  of 
hyaloplasm  in  cell  coalescence.  An  aggregate  of  two  cells  is  able  to  put  out  a 
pseudopodium  about  15  microns  long  which  is  approximately  twice  that  formed  by 
an  isolated  cell.  An  aggregate  of  three  cells  may  form  pseudopodia  ranging  from 
30  to  35  microns  in  length.  Large  aggregates  of  100-200  cells  occasionally  put  out 
pseudopodia  200-300  microns  long,  of  quite  striking  appearance.  In  general  pseu- 
dopodium size  varies  with  about  the  1.2  power  of  cell  number.  The  hyaloplasm 
of  all  the  cells  evidently  acts  in  some  sense  as  a  unit,  freely  available  to  the  aggre- 
gate's single  pseudopodium.  The  microscopic  appearance  during  coalescence  sug- 
gests that  the  interface  between  the  hyaloplasms  of  two  coalescing  cells  disappears. 

EFFECTS  OF  ANTISERA  ON  REAGGREGATION  AND  SEGREGATION 

MATERIALS  AND  METHODS 

Specimens  of  Microciona  prolifera  (the  large  encrusting  red  sponge)  and  Cliona 
celata  (the  yellow  sulfur  sponge)  were  employed.  The  colonies  were  kept  in  run- 
ning sea  water  in  the  experiments  done  at  the  Marine  Biological  Laboratory.  For 
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work  at  the  University  of  Rochester,  living  colonies  were  shipped  from  Woods  Hole 
b\  Air  Express  and  kept  in  sea  water,  replaced  at  two-day  intervals,  at  a  tempera- 
ture of  1-2°  C.  Experimental  results  were  similar  under  the  two  maintenance 
methods. 

(}itantitati\'c  stmlies  <>j  reaggregation.  For  the  experiments,  it  seemed  desira- 
ble to  have  a  quantitative  expression  of  the  extent  of  reaggregation  at  successive 
times.  The  following  method  was  used. 

For  each  series  of  observations  a  fragment  of  fresh  sponge  was  carefully  dried 
with  filter  paper  and  a  one-gram  portion  squeezed  through  bolting  cloth  into  40  ml. 
of  sea  water.  Ten  ml.  of  the  suspension  were  transferred  to  a  Syracuse  dish  and 
examined  under  the  microscope  at  430  X  magnification.  At  intervals  the  aggre- 
gates were  counted  in  each  of  five  microscope  fields  taken  at  random,  and  the  values 
were  averaged.  For  these  counts  "aggregate"  was  defined  as  any  coalesced  group 
of  four  or  more  cells,  and  it  is  in  this  sense  that  the  word  will  be  used  hereafter. 
Four  cells  constitute  the  smallest  grouping  that  can  be  readily  recognized  as  an 
aggregate  as  distinct  from  cells  in  contact,  in  routine  examinations. 

Typical  results  over  a  24-hour  period  are  shown  in  Figure  1.  Such  a  figure 
will  be  called  a  reaggregation  curve  and  each  of  its  ordinates,  an  aggregate  count. 

The  curve  is  satisfactorily  reproducible  under  standard  conditions ;  as  an  ex- 
ample, seven  unselected  curves  are  shown  in  Figure  2.  Up  to  four  hours  the  ex- 
treme variation  of  counts  at  any  one  time  is  about  two  aggregates.  Between  four 
and  eight  hours  counts  are  somewhat  more  variable.  But  they  are  quite  uniform 
again  at  24  hours,  at  least  under  normal  conditions:  12  such  counts,  unselected, 
range  from  3.9  to  4.5.  The  progress  of  reaggregation  as  illustrated  by  these  curves 
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FIGURE  1.     Reaggregation  of  Microciann  proHjera  in  sea  \\utcT. 
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FIGURE  2.  Reaggregation  of  Microciona  prolifcrii  in  normal  serum ;  seven  unselectcd  curves 
demonstrating  reproducibility  under  standard  conditions.  Essentially  the  same  curve  is  ob- 
tained in  sea  water. 

shows  an  initial  increase  in  number  of  aggregates  (of  small  size)  to  a  maximum  at 
about  one  hour,  followed  by  a  decrease  in  number  (fusion  of  aggregates  with  cor- 
responding increase  in  size). 

In  a  mixed  suspension  of  the  red-colored  Microciona  and  the  yellow  Cliona  cells, 
24  hours  after  dispersal,  the  aggregates  are  observed  to  be  species-specific,  as  re- 
ported by  Wilson  (1910),  Galtsoff  (1925)  and  de  Laubenfels  (1927).  A  few 
cells  of  one  type  in  an  aggregate  prevailingly  of  the  other  species  cannot  readily  be 
distinguished.  If  such  admixture  occurs,  its  extent  is  too  slight  to  be  readily 
detectable. 

The  Microciona  aggregates  formed  in  a  mixed  suspension  are  more  numerous 
and  correspondingly  smaller  than  in  a  pure  Microciona  suspension.  They  are, 
however,  normally  well  rounded  with  a  well-defined  hyaline  membrane.  Similarly, 
the  Cliona  aggregates,  more  and  smaller  than  in  pure  Cliona  preparations,  have  the 
characteristically  jagged  contour  but  easily  seen  hyaline  coat  of  pure  Cliona  sus- 
pensions. Occasionally  an  aggregate  of  Microciona  and  one  of  Cliona  are  observed 
in  close  contact,  but  their  hyaloplasms  remain  separate  and  the  two  fail  to  adhere. 

It  is  important,  for  interpreting  the  experimental  results,  to  note  here  that  the 
condition  seen  at  24  hours  is  preceded  by  an  initial  temporary  intermixture  of  the 
two  types  of  cells.  But  at  4-8  hours,  after  dissociation,  in  most  aggregates  islands 
of  cells  of  one  species  are  seen  in  a  matrix  of  the  other  species ;  they  are  apparently 
separating  from  it. 

The  smaller  size  of  aggregates  in  mixed  suspensions  is  perhaps  partly  a  con- 
sequence of  the  sorting  out :  contacts  which  would  lead  to  a  permanent  increase  of 
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ai^regate  size  in  a  pure  suspension  are  cancelled  out  in  a  mixed  preparation  by 
the  later  sorting  ""t  where  interspecific  contacts  had  occurred.  To  some  extent 
each  species  may  also  interfere  just  mechanically  with  the  other's  aggregation  as 
Galtsoff  (1925  )  has  shown  glass  particles  and  starch  grains  to  do. 

f'repanition  <>j  slock  suspensions.  For  each  of  these  a  piece  of  fresh  sponge 
was  cut  into  fragments  2-3  mm.  across,  which  were  carefully  dried  on  filter  paper. 
A  known  weight  of  fragments  was  squeezed  through  a  small  hag  made  of  bolting 
silk.  me.sh  20,  into  sea  water.  Six  types  of  suspensions  were  used,  and  freshly 
prepared  before  each  use;  they  were  as  follows,  M  representing  Microciona,  and  C, 
Cliona : 


Stock  suspension 

1 

2 

3 

4 

5 

6 

6.2AI 

1     M 

Sponge  (g.) 

6.2  M 

6.2C 

6.2C 

1M 

6.2C 

6.2C 

Sea  water  (ml.) 

20 

20 

40 

40 

40 

40 

Suspensions  1,  2  and  3  were  used  in  preparations  of  antisera ;  their  composition  was 
so  chosen  as  to  give  the  same  total  nitrogen  per  ml.;  1.3  mg.  in  each,  by  micro- 
Kjeldahl  determination.  Suspensions  4,  5  and  6  were  used  in  tests  of  antiserum 
effects ;  their  composition  was  so  chosen  as  to  give  about  equal  initial  numbers  of 
free  cells  per  microscope  field  in  4  and  5. 

I'repcnttion  of  antisera.  For  most  of  the  experiments  the  antisera  were  derived 
from  nine  New  Zealand  giant  rabbits,  three  for  each  suspension.  Nine  subcutane- 
ous injections  of  0.1  ml.  of  stock  suspension,  were  given  over  a  period  of  three 
weeks. 

At  8  days  after  the  last  injection  blood  was  collected  in  sterile  50-ml.  Pyrex 
centrifuge  tubes,  allowed  to  clot  at  room  temperature,  kept  at  40°  C.  for  one  hour, 
the  clot  loosened,  and  the  blood  centrifuged  at  350  G  for  15  minutes.  The  clear 
straw-colored  serum  was  pipetted  off  and  the  following  were  added  per  50  ml. 
serum:  0.2  mg.  Penicillin  G  potassium,  0.2  mg.  Streptomycin  calcium  chloride 
complex  and  0.2  mg.  Aureomycin.  The  mixture  was  kept  in  sterile  serum  bottles 
at  1  °  C.  until  use. 

Serum  obtained  from  animals  injected  with  Microciona  cells  will  be  referred  to 
hereafter  as  anti-Microciona  serum;  others  will  be  similarly  called  anti-C'liona  and 
anti-Microciona :  C'liona. 

Test  oj  antisenan  liters.  These  were  done  to  determine,  by  standard  fnethods, 
that  the  sera  actually  contained  antibodies  to  sponge  antigens.  A  6.2-gram  portion 
of  Microciona  was  homogenized  for  five  minutes  in  a  Ten  Broeck  glass  homogenizer 
with  20  nil.  of  0.01  M  phosphate  buffer  at  pH  7.2  and  containing  0.85%  NaCl. 
The  homogenate  was  centrifuged  at  485  G  for  20  minutes  and  the  supernatant  col- 
lected. The  same  procedure  was  carried  out  with  6.2  grams  of  Cliona  cells  in  20 
ml.  of  buffered  saline  and  with  6.2  grams  Microciona  plus  6.2  grams  C'liona  in  40 
nil.  of  1  ni tiered  saline. 

Precipitation  tests  were  set  up  by  layering  0.5  ml.  of  undiluted  extract  and  of 
five  10  fold  dilutions  (1  :10  to  1  :100,000  in  buffered  saline)  over  0.5  ml.  of  homol- 
ogoii^,  undiluted  antiserum,  or  over  saline  or  normal  serum  as  controls  in  10  X  75 
mm.  semlo-iral  tubes.  All  tubes  were  incubated  at  37°  C'.  for  one  hour  and  then 
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examined  for  presence  of  a  precipitate  ring  at  the  interface.  All  nine  sera  pro- 
duced rings  of  antigen-antibody  complex  at  all  antigen  dilutions  down  through 
1  : 10,000.  Controls  were  negative.  The  tests  show,  then,  the  presence  of  anti- 
bodies to  sponge  antigens  extractible  in  saline,  although  these  do  not  necessarily 
mean  that  cell  surface  antigens  are  involved. 

Tests  of  antiserum  effects  on  reaggregation.  Three  ml.  of  an  antiserum  were 
mixed  with  an  equal  volume  of  double-strength  van't  I  loff  solution  alpha  (58.44 
grams  NaCl,  1.62  grams  KC1,  2.24  grams  CaCl2,  16.18  grams  MgCl,.6HX>,  9.38 
grams  MgSO4.7H2O,  distilled  water  to  one  liter  mark),  producing  a  medium  ap- 
proximately isosmotic  with  sea  water.  Four  ml.  of  suspension  4,  5  or  6,  freshly 
prepared,  were  added.  Controls  were  4-ml.  portions  of  the  same  cell  suspension 
added  to  three  ml.  of  double-strength  van't  Hoff  solution  plus  three  ml.  of  serum 
from  a  normal  uninjected  rabbit  (18  experiments),  or  to  six  ml.  of  ordinary 
strength  van't  Hoff  (four  experiments).  In  live  experiments  there  were  no  simul- 
taneous controls. 

Altogether  63  antiserum  and  22  control  preparations  were  observed  in  27  ex- 
periments; normal  reaggregation  was  also  followed  in  13  other  preparations,  10 
in  normal  serum  and  three  in  van't  Hoff  solution. 


RESULTS 
Microciona   in   anti-Mierociona   sent  in 

Reaggregation  curves  for  Microciona  cells  during  the  first  three  hours  in  normal 
serum  and  in  two  anti-Microciona  sera  are  shown  in  Figure  3  with  photomicro- 
graphs at  2.75  hours.  In  two  other  antiserum  preparations  studied  by  reaggrega- 
tion curves,  results  were  obtained  scarcely  distinguishable  from  the  two  pictured 
here. 

EFFECT   OF   ANTI-MICROCIONA    SERUM 
ON    MICROCIONA    REAGGREGATION 
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FIGURE  3.     Effect  of  anti-Microciona  serum  on  Microciona  reaggregation. 
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3.  contact  of  some  "cells"  with  the  substratum,  and  adhesion,  during  preliminary 
.-\virling  ; 

4.  settling  of  initially  suspended  "cells"  throughout  the  first  2  hours; 

5.  coniact   and  coalescence  among  cells  and  aggregates   creeping  on   the   sub- 
stratum. 

A  reaggregation  curve  during  the  first  few  hours  reflects  these  processes  jointly. 
I  hit  1.  3,  and  4  are  really  irrelevant  to  the  phenomena  of  primary  interest  here. 
Furthermore  the  Microciona  experiments  in  anti-Microciona  serum  showed  that 
processes  2  and  5  operate  alike,  so  that  no  significant  information  is  obtained  within 
the  first  few  hours  that  could  not  be  more  easily  gotten  from  any  single  later  ob- 
servation. Since  the  same  would  presumably  be  true  for  Cliona  and  for  other 
antisera.  attention  was  confined  in  subsequent  experiments  to  observations  at  24 
hours  after  dissociation  (when  cell  movement  ceases  and  no  further  coalescence 
occurs). 

Other  combinations  of  sponge  and  antiserum 

Microciona  (1'iij.  7).  In  anti-Cliona  serum  there  were  no  signs  that  reag- 
gregation had  been  inhibited.  The  aggregates  in  anti-Cliona  serum  were  as  large 
or  larger  than  normal  (Fig.  4).  Five  experiments  gave  consistent  results,  the 
aggregates  counts  at  24  hours  averaging  about  4.3. 

oo        o  o        o 

In  anti-Microciona :Cliona  serum,  Microciona  formed  aggregates  of  number 
and  size  intermediate  between  those  in  normal  serum  and  in  anti-Microciona  serum  ; 
reaggregation  was  partly  inhibited. 

Cliona.  There  were  more,  and  smaller,  aggregates  in  anti-Cliona  serum  than 
in  normal  serum,  indicating  an  inhibition  of  reaggregation  analogous  to  that  of 
Microciona  in  anti-Microciona  serum. 

EFFECT  OF  ANTISERA    ON    MICROCIONA 
REAGGREGATION  (xioo) 
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In  anti-Microciona  :Cliona  serum,  there  were  fewer  aggregates  than  in  anti- 
Cliona  serum  bttt  more,  and  smaller,  than  in  normal  serum.  The  inhibition  was 
partial  like  that  of  Microciona  in  the  same  serum. 

With  anti-Microciona  serum,  there  were  fewer  and  larger  aggregates  than  in 
anti-Cliona  serum  hut  smaller  than  in  -normal  serum,  and  scarcely  larger  than  in 
anti-Microciona  :Cliona  serum. 

Microciona-Cliona  mixtures.  In  normal  serum  the  initially  mixed  cells  sorted 
out.  The  Microciona  aggregates  were  smaller  than  are  formed  by  pure  Microciona 
as  were  also  the  Cliona  aggregates.  The  probable  reason  for  this  has  already  been 
suggested  above  and  has  nothing  to  do  with  their  surface  antigens. 

In  anti-Cliona.  as  in  normal,  serum,  there  were  no  mixed  aggregates  and  the 
Microciona  aggregates  were  normal,  though  smaller  than  formed  by  Microciona 
alone  in  normal  or  in  anti-Cliona  serum.  The  Cliona  components  of  the  suspension 
were  much  like  Cliona  in  anti-Cliona.  The  results  are  what  would  be  expected  if 
anti-Cliona  serum  contained  antibodies  to  surface  antigens  of  Cliona  but  not  Micro- 
ciona. 

In  anti-Microciona  serum,  the  mixed  suspension  did  not  form  any  large  ag- 
gregates of  the  Microciona  type,  but  many  isolated  cells  and  small  clusters  were 
seen.  The  larger  aggregates  were  found  to  consist  of  Cliona  cells.  Most  of  them 
were  about  as  large  as  formed  by  Cliona  alone  in  anti-Microciona  serum.  They 
were  smaller,  though,  than  those  of  Cliona  alone  in  normal  serum.  This  can  be 
interpreted  as  a  consequence  of  the  cancelling  of  previous  associations  by  ejections 
of  Microciona  cells  from  mixed  clusters  as  suggested  above  for  mixed  cells  in  normal 
serum. 

In  anti-Microciona  :Cliona  serum,  a  result  was  obtained  diametrically  opposite 
to  the  effect  of  the  other  antisera  on  pure  or  mixed  suspensions.  There  were 
large  aggregates  of  general  shape  intermediate  between  Microciona  in  normal  serum 
and  Cliona  in  normal  serum.  Many  of  the  aggregates  were  much  larger  than  in 
any  other  cell-serum  combination.  At  the  time  of  the  experiment  it  was  noted  that 
(1)  cells,  or  cell  groups,  of  the  2  species  were  intermingled  apparently  at  random 
throughout  the  aggregates :  at  least  there  were  no  patches  of  red  Microciona  cells 
or  of  colorless  Cliona  cells,  but  the  aggregates  were  of  a  uniform,  intermediate 
color;  (2)  the  aggregates  had  a  somewhat  porous  structure;  in  the  reticulum  be- 
tween pores,  the  cell-to-cell  contacts  seemed  to  be  about  as  close  as  in  either  Cliona 
or  Microciona  in  normal  serum. 

EFFECT  OF  CALCIUM  ON  REAGGREGATION 

Galtsoff  (1925)  and  de  Laubenfels  (1932)  have  reported  that  reaggregation  is 
impeded  in  media  outside  a  limited  range  of  calcium  concentrations.  But  Agrell 
(1951)  was  unable  to  maintain  Halichondria  panicea  suspensions  as  isolated  cells 
in  citrate  or  oxalate  solutions.  In  view  of  this  inconsistency,  and  considering  the 
apparent  role  of  surface  antigens,  it  seemed  desirable  to  check  some  of  the  previous 
work  on  the  action  of  calcium.  Three  types  of  experiments  were  carried  out :  in 
calcium-free  media,  in  the  presence  of  a  calcium-complexing  agent,  and  in  high 
calcium  solutions. 

Effects  of  calcium-free  media.  Galtsoff  (1925)  reported  that  in  NaCl  or  KC1 
solutions,  the  cells  do  not  move  and  no  coalescence  occurs,  and  that  even  after  24 
hours,  the  substratum  is  covered  with  single  cells  which  die  about  a  day  later. 
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Following  GaltsotVs  methods  a  piece  of  Alien  >ciona  weighing  two  grams  was 
squeezed  through  l>i»lting  cloth  into  20  ml.  of  0.52  M  NaCl  (isotonic).  The  sus- 
pension was  crntrii'uged  at  62  G  for  rive  minutes  and  the  supernatant  drawn  off 
with  a  pipette;  fresh  solution  was  added  and  the  tube  containing  the  cells  vigor- 
shaken.  The  centrifuging  and  subsequent  washing  were  repeated  three  times. 
ml.  of  this  suspension  were  added  to  (1)  eight  ml.  of  0.52.17  NaCl,  to  (2) 
fight  ml.  of  0.52.17  KC1,  and  to  (3)  eight  ml.  of  normal  sea  water,  in  Syracuse 
dishes.  After  24  hours,  the  number  of  aggregates,  per  microscope  held,  was 
counted  for  five  random  fields. 


Medium 

Average  no.  of  aggregates  per  field 


1 
0 


2 

0 


3 

4.2 


At  24  hours,  the  NaCl  and  KC1  cell  suspensions  were  swirled  and  large  macro- 
scopic aggregates  were  formed.  Identical  results  were  obtained  if  the  cells  were 
suspended  for  24  hours  in  an  isotonic  NaCl  solution  and  then  washed  with  suit- 
sequent  centrifuging,  three  times,  re-suspending  each  time  by  vigorous  shaking. 
It  is  clear,  therefore,  that  the  cells  fail  to  reaggregate  not  because  they  were  dead 
or  lacked  adhesiveness  after  24  hours,  but  because  they  had  lost  the  ability  to  move. 

Effects  of  J^crscnc  on  reaggregation.  It  might  be  argued  the  NaCl  or  KC1 
solutions  do  not  completely  deprive  the  cells  of  calcium,  and  in  order  to  check  the 
above  observations,  it  was  desirous  to  find  some  means  of  effectively  binding  cal- 
cium specifically,  so  that  it  would  no  longer  be  available  to  the  cell.  Sodium 
oxalate  or  sodium  citrate  can  combine  with  calcium  to  form  an  insoluble  precipitate 
but  this  might  disrupt  the  internal  organization  of  cells  and  consequently  bring 
about  their  death.  It  was  necessary,  therefore,  to  use  a  substance  which  is  capable 
of  forming  a  strong  soluble  complex  with  calcium  and  which  is  not  toxic  to  living- 
organisms.  Versene  (ethylenediamine  tetra  acetic  acid)  is  such  a  compound;  at 
pH  7.0  it  sequesters  calcium  from  solutions  in  a  1  :1  molar  ratio,  by  chelation. 

Two  grams  of  Microciona  were  squeezed  through  bolting  cloth  into  20  ml.  of 
0.05  M  di-sodium  versenate  in  0.50  M  NaCl.  0.01  .17  phosphate  buffered  at  pH  7.00. 
The  suspension  was  centrifuged  at  62  G  for  five  minutes  and  the  supernatant  re- 
moved with  a  pipette ;  fresh  solution  was  added  and  the  tube  containing  the  cells 
vigorously  shaken.  The  centrifuging  with  subsequent  washing  was  repeated  three 
times.  It  was  calculated  that  all  of  the  calcium  and  possibly  some  magnesium  ions 
should  at  that  point  have  been  chelated  with  Versene.  Two  ml.  of  the  suspension 
were  then  added  to  (1  )  eight  ml.  of  the  di-sodium  versenate  solution  and  to  (2) 
eight  ml.  of  normal  sea  water,  in  Syracuse  dishes.  After  24  hours  the  dishes  were 
examined  under  the  microscope  and  the  aggregates  counted. 

The  same  results  as  in  NaCl  and  KC1  were  obtained. 


Medium 

Average  no.  of  aggregates  per  field 


I 
0 


1 
4.5 


\t  this  time  the  bottom  of  the  versenate  dish  was  covered  with  single  isolated 
which  did  not  exhibit  either  ameboid  movement  or  coalescence.  \Yhen  the 
dish  was  swirled  large  macroscopic  aggregates  were  formed.  Identical  results 
were  obtained  with  cells  first  suspended  for  24  hours  in  di-sodium  versenate  and 
then  centrifuged  followed  by  washing  three  times,  re-suspending  each  time  by 
vigorous  shaking.  Since  a  normal  aggregate  count  \va.s  obtained  with  cells  trans- 
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ferred  to  sea  water,  it  is  readily  apparent  that  the  cells  remained  alive  in  the 
versenate  solution. 

The  above  experiments  offer  additional  evidence  to  support  the  conclusion  that 
calcium  deficiency  prevents  reaggregation  by  the  inhibition  of  ameboid  movement 
and  does  not  affect  or  alter  the  adhesiveness  of  the  cells  to  each  other. 

Effects  of  calcium  excess  on  reaggregation.  Although  no  role  of  calcium  in 
cell  adhesion  is  indicated  by  the  effects  of  calcium  deficiency,  one  might  be  detected 
by  the  effects  of  calcium  excess.  Therefore,  one  gram  of  Microciona  was  dissociated 
into  40  ml.  of  normal  sea  water  and  two  ml.  of  the  suspension  were  added  to  eight 
ml.  of  normal  sea  water,  and  to  seven  ml.  normal  sea  water  plus  one  ml.  of  0.35  M 
CaCl2  in  Syracuse  dishes. 
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FIGURE  5.     Reaggregation  of  Microciona  in  normal  and  high  calcium  media. 

Aggregate  counts  were  made  at  varying  intervals ;  the  reaggregation  curves  are 
shown  in  Figure  5.  Differences  are  well  within  the  limits  of  variation  among 
preparations  in  sea  water. 

In  experiments  under  identical  conditions,  Galtsoff  (1925)  found  7.1  times  as 
many  aggregates  (meaning  less  reaggregation)  in  excess-calcium  solution  as  in 
normal  sea  water  at  24  hours.  The  difference  in  results  is  difficult  to  explain;  it 
leaves  considerable  doubt  whether  reaggregation  is  significantly  affected  by  in- 
creasing the  calcium  of  the  medium  4.1  times. 

DISCUSSION 

The  present  results  show  that  reaggregation  is  inhibited  by  the  presence  of 
homologous  antibodies.  The  usual  expectation,  when  a  specific  antiserum  is  added 
to  a  suspension  of  the  homologous  cells,  is  that  an  agglutination  of  the  cells  will 
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occur.  The  first  point  to  he  discussed,  then,  is  why  such  agglutination  hy  anti- 
bodies does  not  appear  in  the  present  experiments.  There  are  at  least  three  condi- 
tions under  which  agglutination  may  not  occur  even  though  specific  reaction  takes 
place  hetween  surface  antigens  and  homologous  antibodies: 

(1)  E.rl  rente  tnitil'ody  excess.     Under  this  condition  the  cells  are,  presumably, 
completely   saturated   with  agglutinin   before   cell-to-cell   contacts   are   made.     The 
cells  are  incapable  of  reacting  with  each  other  since  all  their  receptor  sites  are  oc- 
cupied.    Such  a  hypothesis  has  been  offered  by  McKerns  and  Denstedt  (1950)  to 
account  for  the  invariable  persistence  of  unagglutinated  red  blood  cells  in  agglu- 
tinated samples  even  when  potent  isoagglutinating  serum  is  used.     Failure  of  ag- 
glutination  in  antibody  excess   is,   of  course,   the  expectation  from   the   Marrack- 
Heidelberger- Pauling  "mutual  multivalence"  hypothesis  (see  Boyd,  1947  for  ref.). 
It  does  not  seem  likely,  however,  that  the  sera  used  in  the  present  investigation  are 
of  such  high  titer  that  the  vast  majority  of  cells  are  saturated  before  cell  collisions 
take  place. 

(2)  I'nii'dlent  antibodies.     In  this  case  it  would  be  assumed  that  the  antibodies 
formed  by  a  rabbit  in  response  to  injections  of  sponge  antigen  are  chiefly  of  the 
univalent  type.     These  antibodies  could  combine  with  surface  antigens  but  since 
each  molecule  of  antibody  possesses  only  a  single  group  reactive  with  antigen  no 
agglutination  takes  place.     This  type  of  antibody  seems  to  be  commonly  formed  in 
Rh  antisera  (Wiener,  lc>44)  and  other  immune  antisera  (see  refs.  in  Tyler,  1945). 
Such  a  hypothesis  is  adequate  for  explaining  inhibition  of  sponge  reaggregation  by 
homologous  antiserum  but  offers  no  explanation  for  the  apparent  agglutination  of 
mixed  suspensions  of  cells  by  the  homologous  antiserum. 

(3)  Structure  of  cell  surface.     Professor  Albert  Tyler   (personal  communica- 
tion )   has  suggested  a  third  condition  under  which  agglutination  may  not  occur. 
One  may  assume  that  the  surface  of  the  sponge  cell  is  a  folded,  and  probably  also 
flexible,  structure.     Most  of  the  surface  antigens  would  then  be  so  situated  that  the 
two  or  more  valence  groups  of  a  single  antibody  molecule  would  tend  to  react  with 
antigen  on  the  same  cell.     Since  the  surface  of  a  sponge  cell  is  observed  to  change 
its  shape,  as  evidenced  by  pseudopodium  formation,  it  seems  reasonable  to  assume 
that  there  is  enough  flexibility  and  movement  so  that  the  valence  groups  of  the 
antibody  molecule  would  be  able  to  contact  two  or  more  of  the  receptor  sites  on  the 
same  cell  surface.     Very  few.  if  any,  valence  groups  would  then  be  available  for 
reaction  with  receptor  sites  on  other  cells.     This,  then,  can  account  for  absence  of 
agglutination  by  homologous  antiserum  and  the  inhibition  of  reaggregation.     It  can 
also  account  for  the  clumping  obtained  with  mixed  cells    (of  the  two  species  of 
sponge)   in  antiserum  vs.  mixed  cells.     Here  it  is  assumed  that  heterovalent  anti- 
bodies are  formed.     Considering   (for  simplicity)   only  two  valences  on  the  anti- 
body molecule,  one  may  be  termed  anti-M.  the  other  anti-C.     Such  antibody  mole- 
rules  would  react  at  one  end  with  cells  of  one  species  of  the  mixed  suspension  (say  M 
c<  11-  )  leaving  a  valence  group  (anti-C)  free  to  contact  the  cells  of  the  other  species. 

Tlu-  failure  of  ostensibly  multivalent  antibodies  to  cause  agglutination  has  been 
noted  in  several  immunological  systems.  Gleeson-White  el  al.  (1950)  and  Coombs 
ct  al.  (  1('51  )  have  studied  the  reactions  of  ox  red  cells  in  rabbit  or  guinea-pig  anti- 
ox  sera.  The  red  cells  of  most  oxen  fail  to  agglutinate  in  such  sera.  Coombs  ct  al. 
suggest  that  the  failure  is  due  to  a  deep  location  of  the  antigens  so  that  a  single 
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antibody  molecule,  even  if  multivalent,  after  combining  with  one  cell  cannot  reach 
receptors  of  a  second  cell. 

Coombs  et  al.  have  been  able  to  accomplish  the  agglutination  by  certain  devices 
which,  in  effect,  can  be  considered  to  supply  links  between  the  antibody  molecules 
attached  to  the  different  cells.  For  example,  anti-rabbit  globulin  serum  (produced 
in  goats)  will  agglutinate  the  ox  cells  that  have  been  treated  with  the  rabbit  anti-ox 
cells  antiserum.  This  is  particularly  effective  when  the  procedure  is  a  serial  addi- 
tion of  anti-globulin,  then  globulin,  then  anti-globulin,  which  is  pictured  as  forming 
a  longer  chain,  and  provides  strong  support  for  the  hypothesis  of  "deeply  located" 
antigens. 

This  hypothesis  does  not,  however,  enable  us  to  account  for  the  agglutination 
of  mixed  cells  by  anti-mixed  cells  serum.  It  was  therefore  modified  as  described 
above  in  terms  of  interaction  of  a  single  antibody  molecule  with  different  parts  of 
the  same  cell  surface.  Apart  from  the  validity  of  the  interpretation  it  appears  clear 
from  the  work  of  Coombs  ct  al.  that  there  can  be  failure  of  agglutination,  even  in 
presence  of  multivalent  antibody,  with  certain  types  of  cells. 

The  effects  of  antisera  on  sponge  reaggregation  in  relation  to  the  Tyler- Weiss 
hypothesis  will  be  considered  in  a  stepwise  discussion  of  the  results. 

1.  Anti- Micro  dona   serum   inhibits   reaggregation    of   dissociated   Microciona. 
This  conclusion  can  scarcely  be  doubted  from  the  joint  evidence  of  reaggregation 
curves  up  to  three  hours  in  standard  and  alcohol-killed   suspensions,  aggregate 
counts  at  24  hours,  microscopic  appearance  and  size  of  aggregates  at  2.75  and  24 
hours,  in  normal  serum  and  antiserum. 

2.  The  primary  inhibiting  effect  of  antiserum  is  on  the  process  of  adhesion. 
The  initial  step  in  reaggregation,  ameboid  movement  producing  random  contacts 
between  cells,  is  normal  in  antiserum.     But  even  when  cells  make  contact  in  anti- 
serum  they  fail  to  coalesce.     There  is  no  implication  here  of  the  mechanism  by 
which  the  area  of  contact  increases  such  as  was  suggested  by  Schmitt  (1941). 

3.  Some  substance  or  class  of  substances  "in"  the  cell  surface  is  essential  to  the 
process  of  adhesion.     This  conclusion  is  based  on  three  considerations,     (i)   The 
zipper  action,  by  which  two  impinging  cells  increase  their  area  of  contact,  leads  into 
the  persisting  contacts  between  cell  surfaces  within  an  aggregate,     (ii)   It  seems 
probable  that  the  same  forces  are  responsible  for  the  initial  adhesive  and  the  perma- 
nent contacts.     The  probability  of  this  proposition  is  difficult  to  estimate  for  sponges 
because  the  boundary  which  can  be  seen,  while  two  cells  are  joining,  disappears 
within  a  few  minutes.     It  is  this  change  to  which  Galtsoff  (1925)  applied  the  term 
coalescence.     Apparently  the  two  hyaloplasms  merge  and  the  factors  responsible 
for  binding  the  two  cells  together  then  become  simply  part  of  the  structure  of  the 
hyaloplasm,      (iii)    The  intrinsic  factors   that   hold   cells   together   are   commonly 
thought  to  be  in  the  cell  surface,  e.g.,  lipids.     For  many  types  of  cells,  extrinsic 
factors  have  been  shown  to  be  equally  important,  e.g.,  calcium  in  salt  linkage  be- 
tween lipids  or  proteins  of  adjacent  cell  surfaces,  or  "intercellular  cement"  which 
may  involve  a  similar  chemical  bounding  of  an  extrinsic  substance  to  surface  ma- 
terials of  two  cells   (Chambers,  1940).     Other  possible  extrinsic  factors  are  ma- 
terials such  as  histones  (Schmitt,  1941). 

4.  From  steps  2  and  3,  the  primary  effect  of  antiserum  is  on  some  substance  or 
substances  in  the  cell  surface.     Adhesions  of  two  cells  must  involve  interactions  of 
their  surface.     It  seems  extremely  unlikely  that  the  antibodies  affecting  adhesion 
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would  enter  the  cell  producing  some  change  inside  which  is  later  manifested  in 
altered  properties  of  the  surface.  A  direct  action  of  antibodies  on  the  surface  is 
more  reasonable  and  can  explain  the  results. 

5.  From  the  steps  1  and  4  it  is  reasonably  probable  that  anti-Microciona  scrum 
blocks  the  normal  action  of  the  materials  in  the  cell  surface  that  are  essential  for 
adhesion. 

6.  The  only  substances  in  anti-Microciona  scrum  that  are  not  also  present  in 
normal  scrum  are  antibodies  to  substances  of  Microciona  that  can  act  as  antigens. 
This  has  a  three-fold  basis,      (i)  Three  anti-Microciona  sera  gave  positive  precipitin 
tests  with  Microciona  extracts ;  two  other  anti-Microciona  sera  had  the  same  effects 
on  reaggregation  as  the  three  with  precipitin  tests.     Therefore  all  five  almost  cer- 
tainly contained  antibodies,      (ii)  Three  normal  sera  gave  negative  precipitin  tests 
with  Microciona  extracts ;  two  others,  not  precipitin  tested,  had  no  effect  on  re- 
aggregation  nor  did  the  three  tested.     Therefore  all  five  almost  certainly  had  no 
antibodies  to  Microciona.      (iii)  Antisera  do  not  normally  differ  qualitatively  from 
normal  sera,  where  comparable  animals  are  used,  except  by  presence  of  antibodies 
(Boyd,  1947). 

7.  From  steps  5  and  6,  the  normal  role  of  certain  surface  antigens  in  adhesion 
is  blocked  b\  homologous  antibodies  present  in  antiscra  to  Microciona  cells.     The 
antigens  will  be  represented  by  the  symbol  M,  and  the  antibodies  by  antiM. 

8.  From  comparable,  less  extensive  tests,  and  by  similar  reasoning,  antigens  A, 
in  the  surface  of  Cliona  and  essential  in  adhesion,  arc  blocked  in  junction  by  antiA 
in  anti-Cliona  serum. 

9.  M  and  A  are  specific  antigens.     The  main  evidence  here  is  that  anti-Cliona 
serum  does  not  block  reaggregation  of  Microciona ;  the  reasoning  is  analogous  to 
steps  1-7.     AYith  Cliona  in  anti-Microciona  serum  there  is  some  inhibition  of  re- 
aggregation.     One  possible  explanation  for  this  is  that  Microciona  possesses  below 
the  cell  surface  an  antigen  immunologically  similar  to  a  surface  antigen  of  Cliona. 

10.  M  is  inactive  until  respect  to  adhesion  because  it  is  combined  with  antiM. 
This  follows  from  step  7  and  from  the  general  knowledge  that  the  only  significant 
action  of  antibodies,  under  circumstances  analogous  to  the  present,  is  to  combine 
with  their  homologous  antigens  (Boyd,  1947).     The  compound  will  be  represented 
as  M-antiM,  without  any  implication  as  to  the  actual  number  of  molecules  of  either 
M  or  antiM  in  the  compound. 

11.  M  is  not  completely  removed  from  a  blocked  cell.     This  must  be  concluded 
from  the  fact  that  reaggregation  can  occur  after  washing  an  antiserum-treated  sus- 
pension in  sea  water.     It  does  not  seem  likely  that  such  washing  dissociates  an 
antigen-antibody  complex  since  such  dissociation  evidently  involves  more  drastic 
treatment,  such  as  high  salinity  (Heidelberger  and  Rabat,  1937)  or  high  pH  (Liu 
and  Wu,  1938;  Sternberger  and  Pressman,  1950).     A  more  likely  interpretation 
is  that  M  extends  below  the  surface ;  perhaps  the  entire  hyaline  layer  is  a  gel  of 
M  and  that  M,  at  the  surface,  normally  goes  slowly  into  solution  in  sea  water  and 
is  continuously  replaced  by  M  manufactured  below.     On  this  basis  then,  M-antiM 
would  leave  the  surface  slowly,  or  more  rapidly  by  washing  the  cells,  which  would 
then  be  capable  of  reaggregating. 

12.  The  region  of  the  M  molecule  to  which  antiM  attaches  is  either  (a)  the  site 
that  is  involved  in  adhesion,  or  (b)  near  enough  to  that  site  so  that  antiM  overhangs 
or  somehow  interferes  with  the  actiritv  o\  the  adhesion  site. 
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This  is  based  on  step  11  and  3  other  considerations,  (i)  There  seem  to  be  only 
two  possible  ways  of  operation  of  M  in  normal  adhesion :  either  through  an  ex- 
trinsic binder  like  calcium,  e.g.,  cell-M-Ca-M-cell ;  or  by  some  type  of  direct  bond- 
ing between  M  of  one  cell  and  M  or  some  other  substance  m  of  another  cell,  e.g., 
cell-M-m-cell,  as  envisaged  by  Tyler  and  Weiss.  In  this  case  a  single  cell  can  be 
assumed  to  have  both  M  and  m  on  the  surface,  (ii)  The  former  seems  unlikely 
considering  particularly  the  failure  of  Versene  to  prevent  reaggregation  and  the 
apparent  absence  in  Microciona  of  anything  able  to  act  as  an  intercellular  cement. 
De  Laubenfels  (1932)  cites  some  evidence  suggesting  that,  in  dissociated  lotrochota 
birotnlata,  an  intercellular  slime  is  dispersed  throughout  the  medium  and  brings 
cells  or  cell  groups  together,  presumably  by  some  sort  of  contraction.  The  writer 
has  not  seen,  or  had  evidence  of,  any  such  material  in  Microciona.  When  a  sus- 
pension is  stirred  the  cells  or  cell  groups  move  independently  of  each  other ;  there 
are  no  signs  of  intercellular  traction,  nor  any  visible  strands  that  could  be  identified 
as  slime,  (iii)  Conclusion  12  follows  from  the  remaining  possibility:  that  the 
process  of  adhesion  is  essentially  cell-M  +  m-cell  -^cell-M-m-cell. 

13.  Alternatives  a  and  b  of  step  12  cannot  be  readily  distinguished.     The  anti- 
bodies might  well  be  directed  against  some  constituent  of  the  surface  that  is  not 
directly  concerned  in  reaggregation.     Such  bound  antibodies  might  partly  overlie 
the  chemical  sites  involved  in  adhesion.     This  possibility  cannot  be  distinguished 
on  the  basis  of  present  evidence  from  the  possibility  that  the  antibodies  combine 
directly  with  the  chemical  sites  involved  in  adhesion. 

14.  It  is  likely  that  adhesion  depends  on  the  presence,  in  the  cell  membranes, 
of  two  infra-molecular  configurations  with  the  reciprocal  structural  relationship  of 
antigen  and  antibody.     It  is  possible  that  the  reciprocals  exist  either  within  a  single 
molecular  species  or   in   distinct   substances.     For  the   reactant  reciprocal  to   M, 
there  will  be  retained  the  symbol  m  introduced  at  the  end  of  step  12  without  im- 
plying that  these  sites  are  identical  with  the  antigenic  sites  against  which  the  anti- 
bodies are  directed.     Adhesion  implies  that  M  and  m  are  each  present  in  the  cell 
surface  in  such  position  and  arrangement  that  M  and  m  of  one  cell  can,  under 
proper  circumstances,  combine  with  m  and  M  of  another  cell.     If  this  is  so,  within 
the  surface  of  any  one  cell  M  and  m  must  be  so  held  in  position  that  they  cannot 
combine  with  each  other. 

The  structure  of  a  cell  surface,  with  respect  to  adhesion,  would  then  be  crudely 
analogous  to  a  balloon  on  which  many  snap-fastener  parts  have  been  attached, 
male  and  female  separately  but  interspersed.  And  the  unit  reaction  in  adhesions 
would  be 

M      m  M — m 

/  \  /  \ 

cell         -f-         cell— »cell  cell 

m      M  m— M 

M 

/ 

The  M-m  bonding  would  be  that  of  antigen  to  antibody;  the  cell  bonding 

m 
would  be  whatever  holds  the  components  of  a  cell  surface  in  position. 
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Is  this  necessarily  a  correct  picture?  Obviously  a  yes-or-no  answer  can  not 
be  given.  At  best  one  might  hope  to  calculate  a  probability  that  it  is :  one  would 
have  to  estimate  the  probability  of  correctness  at  each  step  in  reaching  the  final 
conclusion,  and  multiply  those  component  probabilities  together.  Here  too,  it 
seems  impossible  to  give  a  specific  answer. 

One  conclusion  of  some  immunological  interest  seems  inescapable ;  that,  when 
Microciona  and  Cliona  cells  are  injected  together  into  a  rabbit,  some  antibody 
molecules  are  produced  with  one  or  more  groups  reactive  to  M  or  m  and  one  or 
more  groups  reactive  to  A  or  a.  These  may  be  termed  mixed  or  heterovalent  anti- 
bodies. If  such  antibodies  are  formed — presumably  along  with  homovalent  antiM, 
antim,  anti^-4,  and  antia — two  opposing  processes  will  together  determine  what 
happens  when  a  mixture  of  Microciona  and  Cliona  cells  is  put  into  anti-Microciona : 
Cliona  serum : 

1.  blockage  of  M,  m.  A,  and  a,  by  the  homovalent  antibodies; 

2.  linkage  of  heterovalent  antibodies  to  M  or  m  of  a  Microciona  cell  and  to  A 
or  a  of  a  Cliona  cell. 

Thus  of  the  total  antibody  combined  with  M  or  m.  a  certain  proportion  is 
heterovalent.  with  a  second  group  that  can  react  with  the  remaining  uncombined 
A  or  a.  This  should  lead  to  aggregation  between  cells  of  the  two  species  as  de- 
scribed in  the  fourth  paragraph  of  the  discussion. 

Examination  of  standard  texts  and  monographs  does  not  give  the  non-im- 
munologist  any  clear  impression  whether  or  not  it  is  reasonable  to  account  for  the 
present  results  as  has  been  done,  in  terms  of  heterovalent  antibodies.  Burnet  and 
Fenner  (1950)  say  (p.  36)  "There  is  fairly  conclusive  evidence  that  an  antibody 
cannot  function  as  such  against  tw:o  different  antigens,"  referring  to  work  of  Dean, 
Taylor  and  Adair  ( 1935 ) . 

Roesel  (1951),  on  the  other  hand,  has  obtained  evidence  indicating  that  hetero- 
valent antibodies  are  produced  in  the  rabbit  in  response  to  injections  of  a  mixture 
of  the  bacteriophages  T2  and  Tr>.  Race,  Sanger,  and  Lawler  (1948)  believe  that 
the  majority  of  anti-C  (anti-rh')  sera  are  really  anti-C  +  Cw  in  specificity  since 
either  antigen,  Cw  or  C,  is  capable  of  removing  both  antibodies.  They  feel  that 
both  components,  anti-C  and  anti-Cw  are  on  the  same  molecule. 

There  is  therefore  some  evidence  in  favor  of  heterovalent  antibodies  and  the 
assumption  of  such  antibodies  offers  a  satisfactory  explanation  of  the  experimental 
results  obtained  with  mixed  cells  in  mixed  antiserum. 

The  author  wishes  to  express  his  deep  appreciation  to  Professor  Donald  R. 
Charles  under  whose  guidance  the  work  was  performed.  He  is  also  indebted  to 
Professor  Albert  Tyler  for  aid  in  editing  the  manuscript. 

SUMMARY 

1.  An  investigation  of  the  substances  that  bind  adjacent  cell  surfaces  together  is 
reported  here,  using  two  species  of  sponge,  Microciona  prolifcra  and  Cliona  cclata. 
Antisera  were  made,  in  rabbits,  to  cell  suspensions  of  each  species  and  to  a  mixture 
of  cells  of  both  species. 

-.  Reaggregation  of  dissociated  cells  was  reversibly  inhibited  in  the  homologous 
antiserum.  In  normal  serum  containing  cells  of  both  species,  the  cells  sort  out  to 
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form  aggregates  consisting  entirely  of  either  one  species  or  of  the  other,  never  of 
both  species.  In  an  antiserum  vs.  both  species,  large  aggregates  were  observed 
which  consisted  of  cells  of  both  species  distributed  at  random  throughout  each 
aggregate. 

3.  Calcium-free  and  high  calcium  media  had  no  effect  on  reaggregation. 

4.  The  results  are  compatible  with  the  Tyler- Weiss  hypothesis  that  contiguous 
cell  surfaces  are  normally  held  together  by  forces  like  those  between  antigens  and 


homologous  antibodies. 
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Holtfreter  (1943)  first  demonstrated  that  embryonic  amphibian  cells  could  be 
disaggregated  by  exposure  to  his  standard  solution  (Holtfreter,  1931)  at  high  pH. 
Townes  (unpubl.)  has  utilized  this  technique  to  investigate  the  problem  of  cell 
affinities.  The  following  account  is  based  on  these  previous  investigations. 

If  an  amphibian  gastrula  or  neurula  is  exposed  to  Holtfreter's  solution  at  a  pH 
greater  than  9.6,  the  pigmented  surface  coat  becomes  soft  and  is  partially  dissolved. 
"Within  a  few  minutes  cracks  appear  in  it ;  new  disruptions  follow,  until  the  whole 
surface  is  broken  up  into  small  dark  islets,  surrounded  by  much  larger  white  inter- 
faces. A  closer  examination  reveals  that  each  islet  is  the  centre  of  a  group  of 
cells,  attached  to  it  in  a  radial  orientation"  (Holtfreter,  1943;  p.  292). 

Under  the  action  of  the  alkali,  the  surface  coat,  which  is  disrupted  at  the  cell 
boundaries,  retracts  in  the  form  of  a  black  cap  to  the  pole  of  each  cell.  This  cap 
progressively  decreases  in  size  as  pigment  streams  to  the  interior  of  the  cell. 

Within  20  minutes,  the  entire  gastrula  or  neurula  is  a  heap  of  dissociated 
spherical  cells  which  can  be  separated  from  one  another  with  a  glass  needle.  If 
the  solution  is  now  removed  and  replaced  with  2-3  changes  of  Holtfreter's  solution 
at  pH  7.8,  the  entire  process  is  reversed. 

The  cells  begin  to  adhere  to  one  another  immediately  after  the  removal  of 
alkali,  and  within  0.5-1  hour  have  formed  a  mass  of  irregular  form.  At  3-8  hours, 
partly  depending  on  species  used,  the  aggregate  has  rounded  up  into  a  smooth 
solid  ball  of  cells  in  intimate  contact.  Ectoderm  cells,  at  first  randomly  distributed 
writhin  the  aggregate,  have  migrated  to  the  exterior  and  formed  sheet-like  patches 
among  the  endoderm,  at  the  end  of  24-72  hours.  If  sufficient  ectoderm  cells  are 
supplied  they  will  almost  completely  cover  the  aggregate.  Mesoderm  cells  are 
chiefly  found  between  the  ectoderm  and  endoderm,  with  a  few  scattered  among  the 
endoderm  cells  (Townes,  unpubl.).  The  surface  coat  is  reconstituted  and  the 
entire  mass  is  usually  covered  with  pigment.  During  this  period  intercellular 
spaces  appear  due  to  the  secretion  of  an  interstitial  fluid.  It  appears  to  be  iden- 
tical with  blastocoel  fluid,  having  the  same  property  of  reducing  the  mutual  ad- 
hesiveness of  the  cells  (Holtfreter,  1944).  Smaller  aggregates  lack  the  interior 
intercellular  spaces  altogether. 

If  an  aggregate  is  allowed  to  develop  further,  differentiation  proceeds  and  may 
include  development  of  neural  folds,  eyes,  ears,  beating  heart,  etc.  (Townes,  un- 
publ.). 

1  Submitted  in  partial  fulfillment  of  the  requirements  for  the  degree  Doctor  of  Philosophy. 
"  Present  address  :  Kerckhoff  Laboratories  of  Biology,  California  Institute  of  Technology, 
Pasadena,  California. 
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Holtfreter  (l(>3°a,  1939b)  has  shown  that  small  pieces  of  ventral  ectoderm  and 
endoclerm,  brought  into  contact,  at  first  cling  together  but  later  tend  to  separate 
into  discrete  ma>ses.  The  self-isolation  begins  after  2  days  in  Rana  pipiens  and 
3-4  days  in  ^-hnhysloina  punctatitm,  and  is  complete  after  4  and  6-9  days,  respec- 
tively. However,  if  mesoderm  is  combined  with  ectoderm  and  endoclerm,  self- 
isolation  does  not  occur ;  the  mesoderm  behaves  as  a  binding  agent. 

These  tissue  affinities  are  apparently  not  species-specific  at  early  stages  of  de- 
velopment, and  may  be  seen  in  practically  any  xenoplastic  combination.  For  ex- 
ample Townes  (unpubl.)  has  found  that  the  ectoderm  of  Rana  pipiens  gastrula  with 
the  endoderm  of  Ambystoma  punctatum  or  Tritnnis  torosits  will  exhibit  self-isola- 
tion. If,  however,  mesoderm  is  included,  an  aggregate  is  formed  which  holds 
together. 

With  these  observations  and  experiments  as  a  basis  it  seemed  desirable  to  test 
the  effects  of  antisera  on  the  reaggregation,  extending  thus  the  previously  reported 
(Spiegel,  1954)  experiments  on  dissociated  sponge  cells. 

EFFECTS  OF  ANTISERA  ON   REAGGREGATION  AND   SEGREGATION 

MATERIALS  AND  METHODS 

Experimental  induction  of  breeding  activity.  Fertilized  eggs  of  Rana  pipiens 
were  obtained  through  ovulation  by  hypophysis  injection,  and  artificial  insemina- 
tion, as  described  by  Rugh  (1948).  Triton  alpestris  eggs  were  very  kindly  fur- 
nished by  Dr.  J.  Holtfreter. 

Preparation  of  protein  extract.  Ten  grams  of  the  plant  enzyme  papain  were 
extracted  with  500  ml.  of  10%  Holtfreter's  solution  (3.5  grams  NaCl,  0.05  gram 
KC1,  0.1  gram  CaCL,  0.2  gram  NaHCO3,  per  liter  distilled  water)  for  six  hours 
at  4°  C.  (Spiegel,  1951).  The  solution  was  filtered,  300  mg.  cysteine.HCl  added, 
and  the  pH  adjusted  to  6.6  with  0.1  TV  NaOH  and  0.1  JV  HC1.  '  Stage  12  (Shum- 
way,  1940)  gastrulas,  3410  in  number,  were  placed  in  an  eight  inch  finger  bowl, 
the  bottom  of  which  was  lined  with  %  inch  of  2%  agar,  and  covered  with  500  ml. 
of  the  papain  solution. 

After  three  hours,  the  two  outer  layers  of  jelly  had  dissolved;  the  eggs  were 
washed  twice  with  10%  Holtfreter's  solution,  and  500  ml.  of  2.5%  sodium  thiogly- 
colate  (in  10%  Holtfreter's  solution,  pH  8.1)  added.  In  ten  minutes  the  vitelline 
membrane  and  third  jelly  layer  were  dissolved.  The  eggs  were  washed  with  three 
changes  of  0.65%  NaCl  (0.01  M  phosphate  buffered  at  pH  7.3),  without  being 
allowed  to  come  in  contact  with  an  air-water  interface. 

Protein  was  extracted  in  the  medium  used  by  Gregg  and  Ballentine  (1946) 
(0.65%  NaCl  in  0.01  M  phosphate  buffer  at  pH  7.3),  65  ml.  of  solution  being  used 
for  the  3410  eggs.  The  suspension  was  homogenized  by  hand  for  five  minutes  at 
3-4°  C.  in  a  Ten  Broeck  glass  homogenizer.  A  drop  of  the  homogenate  was  ex- 
amined under  the  microscope  and  no  intact  cells  were  noted. 

The  homogenate  was  kept  at  4°  C.  for  sixteen  hours,  with  frequent  shakings, 
then  centrifuged  at  600  G  and  the  cloudy  supernatant  collected.  Nutrient  and 
blood  agar  plates  streaked  with  the  extract  showed  slight  bacterial  contamination. 
Therefore.  0.02  mg.  Streptomycin  (CaCl.,  complex)  and  0.02  mg.  Penicillin  G 
potassium  were  added  to  each  50  nil.  supernate  to  prevent  bacterial  growth  and 
the  extract  was  frozen  in  liquid  air  and  stored  at  --  20°  C.  until  use.  The  nitrogen 
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content  of  the  extract,  determined  by  micro-Kjeldahl,  was  1.4  mg.  N/ml.  extract. 

Twenty-four  of  25  control  eggs  from  the  same  clutch,  and  with  jelly  and  vitelline 
membrane  removed,  developed  normally  to  stage  22. 

Preparation  of  ontiscrmn.  One  male  New  Zealand  Giant  rabbit  received  eight 
subcutaneous  injections,  0.5  ml.  extract  per  injection,  every  fourth  clay  (Cooper, 
1948).  A  second  uninjected  male  served  as  control.  Seven  days  after  the  last 
injection,  the  animals  were  bled  by  cardiac  puncture  and  the  sera  recovered.  Both 
sera  were  heated  to  56°  C.  for  0.5  hours  to  inactivate  complement.  Serum  obtained 
from  the  animal  injected  with  gastrula  extract  will  henceforth  be  called  anti- 
gastrula  serum. 

Precipitation  tests  were  set  up  by  layering  0.1  ml.  of  undiluted  extract  and  of 
11  two-fold  dilutions  (1  :2  to  1 :2048  in  saline)  over  0.1  ml.  of  antiserum,  or  over 
saline  or  normal  serum  as  controls,  in  10  X  75  mm.  serological  tubes.  All  tubes 
were  incubated  at  37°  C.  for  one  hour  and  then  examined  for  presence  of  a  pre- 
cipitate ring  at  the  interface.  The  antiserum  produced  rings  of  antigen-antibody 
complex  at  all  antigen  dilutions  down  through  1  :1024.  Controls  were  negative. 

Tests  of  antiserum  effects  on  reaggregation.  For  experiments  dealing  with 
ectoderm  and  endoderm,  the  membranes  were  removed  with  fine  forceps  from  stage 
10  or  11  Rana  pipiens  embryos,  or  the  dorsal  lip  stage  of  Triton  alpestris,  and  the 
desired  tissues  were  isolated  with  glass  needles  in  Holtfreter's  solution.  If  meso- 
derm  was  to  be  used  in  addition  to  ectoderm  and  endoderm,  the  tissues  were  iso- 
lated either  from  stage  12  Rana  pipiens  embryos  or  from  the  dorsal  lip  stage  of 
Triton  alpestris. 

The  isolates  were  transferred  by  pipette  to  a  Syracuse  dish  containing  10  nil. 
sterile  Holtfreter's  solution,  with  2%  agar  as  substratum,  and  1%  KOH  was  added 
dropwise  until  disaggregation  was  complete.  Occasionally,  a  clear  viscous,  some- 
what elastic  material  or  slime  could  be  seen  in  the  disaggregate ;  such  preparations 
were  rejected  with  one  exception.  The  cells  were  washed  4-6  times  with  sterile 
Holtfreter's  solution.  Finally  10  ml.  of  normal  serum  or  anti-gastrula  serum, 
diluted  with  distilled  water  to  give  a  final  salt  concentration  of  0.38%,  were  added. 
By  use  of  glass  needles  the  cells  were  pushed  into  a  heap  with  ectoderm,  mesoderm, 
and  endoderm  cells  randomly  distributed. 

RESULTS 

Twenty  different  combinations  of  tissues,  isolated  cells,  antiserum,  normal 
serum,  and  Holtfreter's  solution  were  examined. 

Effect  of  Rana  pipiens  anti-gastrula  serum  on  disaggregated  ivhole  Rana  pipiens 
embrvos.  Stage  9,  10  and  12  embryos  were  disaggregated  and  placed  in  anti- 
gastrula  serum.  After  1.5  hours  the  reaggregation,  if  any,  was  slight.  At  7-14 
hours  the  cells  had  adhered  and  sorted  out  to  some  degree,  but  remained  spherical 
with  conspicuous  intercellular  spaces.  Endoderm  cells  in  particular  were  loosely 
packed.  Some  slime  was  noted  between  the  cells.  In  the  stage  12  disaggregate, 
it  appeared  as  though  ectoderm  cells  would  adhere  to  ectoderm,  but  not  to  endo- 
derm, when  pushed  into  contact.  Endoderm  cells,  on  the  other  hand,  would  adhere 
to  endoderm,  but  not  to  ectoderm. 

In  contrast,  the  cells  of  disaggregates  of  stage  9  and  12  embryos,  in  normal 
serum,  adhered  to  each  other  at  the  end  of  four  hours,  and  the  aggregate  began 
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to  round  up.  At  eight  hours,  the  aggregates  were  well  rounded  with  interspersed 
patches  of  ectoderm  and  endoderm  cells  forming  a  smooth  surface.  At  15  hours 
the  coat  was  being  reconstituted.  No  masses  of  slime  were  noted. 

Effect  of  Rano  pipiens  anti-gastrula  scrum  on  disaggregated  ectoderm,  endo- 
derm, and  mesoderm  cells  of  Rana  pipiens.  After  one  hour  in  anti-gastrula  serum, 
about  100  disaggregated  mixed  ectoderm,  mesoderm,  and  endoderm  cells,  from  a 
stage  12  embryo,  had  partially  adhered.  The  ectoderm  and  endoderm  cells  ap- 
peared to  have  sorted  out.  but  were  loosely  packed.  No  change  was  noted  after 
this  period. 

Effect  of  antiserum  on  disaggregated  ectoderm  and  endoderm  cells  of  Rana 
pipiens.  After  3.5  hours  in  antiserum,  approximately  100  disaggregated  ectoderm 
and  endoderm  cells,  from  a  stage  11  embryo,  adhered  to  each  other,  but  the  ag- 
gregate failed  to  round  up.  At  four  hours,  the  cells  remained  spherical  and  the 
aggregate  surface  was  not  smooth.  Ectoderm  and  endoderm  cells  appeared  ran- 
domly dispersed.  No  slime  was  noted.  At  65  hours  the  ectoderm  and  endoderm 
cells  still  had  not  sorted  out,  and  the  surface  was  unchanged. 

Ectoderm  and  endoderm  cells  of  stage  11,  after  one  hour  in  normal  serum,  had 
adhered  and  the  surface  was  becoming  smooth.  By  four  hours,  the  aggregate  had 
rounded  up  and  ectoderm  and  endoderm  cells  had  sorted  out.  The  cells  at  the 
surface  were  flattened  and  a  smooth  exterior  was  noted  at  17  hours.  By  65  hours, 
the  ectoderm  and  endoderm  formed  two  separate  aggregates  connected  by  a  short 
stalk  of  cells. 

Effect  of  Rana  pipiens  anti-gastrula  serum  on  disaggregated  endoderm  and 
ectoderm  cells  of  Triton  alpestris.  Approximately  130  ectoderm  and  endoderm 
cells  of  the  dorsal  lip  stage  of  Triton  alpestris  were  disaggregated  and  placed  in 
Rana  pipiens  anti-gastrula  serum.  After  one  hour,  the  cells  had  adhered  to  each 
other,  with  surface  cells  flattened  and  in  intimate  contact.  At  17.5  hours  the  ag- 
gregate had  become  spherical  with  smooth  surface.  No  slime  was  noted.  At  six 

TABLE  I 

Summary  of  experiments  showing  effects  of  frog  anti-gastrula  serum  on  reaggregation 

of  dissociated  frog  and  salamander  cells 


Mixtures  of  disaggregated 
ectoderm  and  endoderm 
cells 

Mixtures  of  disaggregated 
ectoderm,  mesoderm,  and 
endoderm  cells 

Normal  serum 

Antiserum 

Normal  serum 

Antiserum 

Condition 

2R* 

IT** 

1R 

IT 

3R 

IT 

5R 

IT 

Time  (hours) 
Aggregates  rounded: 
Exposed  cell  surfaces  are  flattened  : 
Random  intermixture  of  ectoderm 

17 

17 

28 

18 

8 

16 

14 

16 

and  endoderm  cells: 

— 

+ 

— 

± 

Time  (hours) 
Ectoderm  and  endoderm  in  separate 

65 

144 

65 

144 

36 

144 

36 

144 

aggregates: 

+ 

+ 

_ 

+ 

~ 

" 

_ 

Number  of  experiments  with  cells  from  Rana  pipiens  embryos  (R). 
Number  of  experiments  with  cells  from  Triton  alpestris  embryos  (T). 


REAGGREGATION  OF  EMBRYONIC  CELLS  153 

days  the  ectoderm  and  endoderm  cells  had  sorted  out  to  form   two  completely 
separate  aggregates. 

Ectoderm  and  endoderm  cells  in  normal  serum  sorted  out  after  six  days  to 
form  two  aggregates  connected  by  a  short  stalk. 

Effect  of  Rana  pipiens  antl-gastrula  scnini  on  disaggregated  uicsodcrm,  ecto- 
derm, and  endoderm  cells  oj  Triton  alpestris.  About  130  ectoderm,  mesoderm,  and 
endoderm  cells  of  Triton  alpestris,  dorsal  lip  stage,  in  Rana  pipiens  anti-gastrula 
serum  formed  smooth  surfaced  aggregates  after  one  hour  and  the  aggregate  became 
spherical  by  16  hours.  No  slime  was  noted.  Cells  in  normal  serum  behaved  in 
identical  fashion. 

The  results,  summarized  in  Table  I,  indicate  strongly  that,  in  embryonic  am- 
phibian cells  as  in  adult  sponge  cells,  specific  surface  antigens  are  an  essential  part 
of  the  mechanism  by  which  adjacent  cell  surfaces  are  bound  together  during  re- 
aggregation. 

DISCUSSION 

The  results  with  embryonic  amphibian  cells  are  difficult  to  explain  except  in 
terms  of  the  Tyler-Weiss  hypothesis  that  contiguous  cell  surfaces  are  normally  held 
together  by  forces  similar  to  those  between  antigens  and  homologous  antibodies 
(Tyler,  1940,  1942,  1946,  1947;  Weiss,  1941,  1947,  1950). 

As  in  the  case  of  cell  adhesion  in  sponges  described  by  Spiegel  (1954)  the 
results  show  that  reaggregation  of  embryonic  cells  is  inhibited,  in  contrast  to  the 
usual  phenomenon  of  agglutination,  by  the  presence  of  homologous  antibodies. 
Spiegel  (1954)  has  presented  three  conditions  under  which  such  inhibition  may 
occur:  (1)  extreme  antibody  excess;  (2)  univalent  antibodies;  (3)  structure  of 
cell  surface.  Only  the  third  condition  will  be  discussed  here  (see  Spiegel,  1954, 
for  a  discussion  of  conditions  1  and  2). 

It  has  been  suggested  by  Professor  Albert  Tyler  that  perhaps  the  cell  surface 
of  embryonic  amphibian  cells  (and  also  of  sponge  cells)  is  a  flexible,  folded  struc- 
ture with  the  specific  surface  antigens  so  situated  that  the  two  or  more  valence 
groups  of  a  single  antibody  molecule  would  tend  to  react  with  antigen  on  the  same 
cell.  Only  a  few,  if  any,  valence  groups  would  be  free  to  react  with  receptor  sites 
of  other  cells  and  thus  would  account  for  the  absence  of  agglutination.  It  is,  of 
course,  also  assumed  that  the  reaction  between  specific  surface  antigens  either 
blocks  the  adhesion  sites  or  in  some  manner  (i.e.,  steric  interference)  interferes 
with  them.  The  interpretation  of  the  failure  of  the  antibodies  to  agglutinate  the 
sponge  cells  or  the  embryonic  amphibian  cells  is  a  modification  of  the  hypothesis 
presented  by  Coombs  et  al.  (1951)  to  account  for  failure  of  homologous  multivalent 
antibodies  to  agglutinate  the  red  cells  of  most  oxen.  In  their  view  a  deep  location 
of  the  antigens  is  assumed  so  that  a  multivalent  antibody  molecule  after  combining 
with  one  cell  cannot  reach  receptors  of  a  second  cell. 

That  these  surface  antigens  are  specific  has  been  demonstrated  by  the  ability 
of  cells  of  Triton  alpestris  embryos  to  reaggregate  normally  in  Rana  pipiens  anti- 
gastrula  serum. 

The  Tyler- Weiss  hypothesis,  as  interpreted  by  Spiegel  (1954),  implies  that 
adhesion  depends  on  the  presence,  in  the  cell  membranes,  of  two  intra-molecular 
configurations  with  the  reciprocal  structural  relationship  of  antigen  and  antibody. 
These  exist  either  within  a  single  molecular  species  or  in  distinct  substances.  If 
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the  two  reciprocal  configurations  are  designated  by  V  and  y,  then  the  unit  reaction 
in  cell  adhesion  would  be 

Y     y  Y—y 

/  \  /          \ 

cell  cell— >cell  cell 

\  /  \          / 

y      Y  y—Y 

As  a  logical  consequence  of  this  hypothesis,  the  segregation  of  ectoderm  and 
endoderm  cells  from  each  other,  in  Holtfreter's  solution  or  normal  serum,  into  two 
separate  aggregates,  would  indicate  that  different  surface  antigens  are  present  on 
cells  of  each  of  the  two  tissues.  Recent  evidence  obtained  by  Clayton  (1953) 
with  Triton  alpestris  embryos,  seems  to  indicate  that  ectoderm  and  mesoderm,  at 
least,  contain  different  antigens.  However,  endoderm  antigens  were  not  investi- 
gated and  the  location  of  these  antigens  in  the  cell  was  not  determined. 

The  fact  that  mixtures  of  ectoderm,  endoderm,  and  mesoderm  cells,  in  Holt- 
freter's solution  or  normal  serum,  round  up  to  form  a  single  aggregate  consisting 
of  three  concentric  layers  of  cells,  with  the  mesoderm  layer  situated  between  ecto- 
derm and  endoderm  (as  in  normal  development),  suggests  an  interesting  possi- 
bility with  regards  to  the  surface  antigens  of  mesoderm.  Perhaps  mesoderm,  in 
addition  to  possessing  specific  surface  antigens  which  are  important  for  the  ad- 
hesion of  mesoderm  cells  to  each  other,  also  possesses  sites  which  are  complementary 
to  ectoderm  surface  antigens  and  to  endoderm  surface  antigens.  Thus,  in  effect, 
mesoderm  would  act  as  a  heterovalent  antibody  (a  multivalent  antibody  molecule, 
with  different  react  ire  sites,  which  are  capable  of  combining  with  at  least  two 
different  antigenic  groups)  to  ectoderm  cells  and  to  endoderm  cells,  and  would  be 
capable  of  binding  the  two  cell  types  together.  This  would  be  analogous  to  the 
hypothesis  proposed  by  Spiegel  (1954)  for  the  failure  of  segregation  of  mixtures 
of  the  cells  of  two  species  of  sponge  in  antiserum  produced  in  rabbits  by  simul- 
taneous injection  of  cells  of  both  species.  Here  it  was  proposed  that  flic  rabbit 
formed  heterovalent  antibody  to  the  surface  antigens  of  cells  of  both  species  and 
thus  such  antibody  molecules  were  able  to  agglutinate  both  cell-species. 

Each  of  the  amphibian  results  is  what  would  be  expected  from  the  sponge  ex- 
periments performed  by  Spiegel  (1954).  Amphibian  and  sponge  experiments, 
together,  can  be  explained  on  the  basis  that  the  ability  of  cells  to  recognize  each  other 
depends  upon  the  presence,  in  their  surfaces,  of  specific  antigens  which  also  bring 
about  the  normal  adhesion  of  cells,  by  reciprocal  reactions  similar  to  those  between 
antigens  and  their  homologous  antibodies. 

The  author  would  like  to  express  his  gratitude  to  Prof.  Donald  R.  Charles 
under  whose  guidance  the  work  was  carried  out.  He  is  also  indebted  to  Prof. 
Albert  Tyler  for  his  aid  in  the  editing  of  the  manuscript. 

SUMMARY 

An  investigation  of  cell  adhesion  in  embryonic  amphibian  cells  is  reported  here. 
Antiserum  was  made  in  rabbits  vs.  a  cell  extract  of  stage  12  Kana  pipicns  embryos. 
The  reaggregation  of  dissociated  cells  of  Rana  ectoderm  and  endoderm  was  in- 
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hibited  by  the  antiserum.  The  antiserum  had  no  effect  on  the  reaggregation  and 
segregation  of  dissociated  cells  of  Triton  alpestris  embryos.  The  role  of  antigen- 
antibody-like  reactions  in  cell  adhesion  is  discussed. 
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The  peculiar  feeding  methods  of  starfishes  have  attracted  attention  since  at  least 
the  time  of  Aristotle.  Problems  involved  in  explaining  the  various  phenomena  of 
the  feeding  process  have  been  investigated  repeatedly,  yet  in  many  cases  the  solu- 
tions advanced  for  the  problems  are  less  than  satisfactory.  For  example,  "the  old 
starfish-clam  question,"  of  the  methods  by  which  the  starfish  gains  access  to  the 
interior  of  a  bivalve,  still  awaits  a  convincing  answer  (see  Reese,  1(>42  ).  Also  de- 
serving of  closer  scrutiny  is  the  mechanism  by  which  food  is  brought  into  the  diges- 
tive tract  of  the  starfish.  As  Tiedemann  (  181(>i  points  out,  many  of  the  ancients 
held  the  erroneous  belief  that  the  starfish  ingested  the  soft  parts  of  snails  and  bi- 
valves by  exerting  suction.  Muller  (1788-1806?)-  and  Cuvier  (1805)  are  cited 
by  Tiedemann  as  the  first  to  call  attention  to  the  characteristic  eversion  of  the  car- 
diac stomach  of  wisterias,  a  process  which  in  its  superficial  aspects  has  been  de- 
scribed many  times  in  the  years  since  Tiedemann's  monograph  appeared. 

The  general  mechanism  bringing  about  eversion  of  the  cardiac  stomach  is  now 
rather  well  understood,  owing  in  part  to  Cuenot's  account  (  1887)  ;  however,  it  is 
apparent  that  many  features  of  the  retraction  of  the  stomach  after  feeding  remain 
to  be  explained.  The  tough  strands  connecting  the  cardiac  stomach  with  the  ossi- 
cles in  the  floor  of  each  ray  have  been  variously  referred  to  as  mesenteries,  as  ten- 
dons, as  strands  of  connective-tissue  infiltrated  by  muscle  fibers,  and  as  retractor 
muscles,  revealing  a  fundamental  uncertainty  as  to  their  actual  function.  In  addi- 
tion, the  relationships  between  these  strands  and  the  wall  of  the  stomach  have  ao- 
parently  never  received  an  adequate  description. 

The  present  report  is  an  attempt  to  interpret  the  results  of  a  series  of  dissections 
and  histological  studies  on  the  structure  of  the  cardiac  stomach  of  Jstcrias  jorhcsi. 
particularly  as  these  results  are  related  to  observations  and  preliminary  physiological 
experiments  on  the  mode  of  operation  of  the  retractor  system.  Attention  is  also 
directed  toward  the  relationship  which  exists  between  the  distribution  of  retractor 

1  The  studies  on  which  this  report  is  hased  received  support  from  the  Sarah  Manning  Sage 
and  Dr.  Solon  P.  Sackett  Research  Funds  of  the  Department  of  /oology,  Cornell  University. 

2 Tiedemann's  reference  is  to  Vol.  IV.  p.  13,  of  Miiller's  Zoologia  Danica;  he  does  not 
specify  a  date.  I  have  assigned  the  dates  of  the  only  4-volume  edition  \vhich  appeared  prior  to 
Tiedemann's  Anatninie  but  have  been  unable  to  check  with  the  ori.uinal. 

157 


158  JOHN  MAXWELL  ANDERSON 

libers  and  certain  other  specific  structural  features  of  the  wall  of  the  stomach.  No 
attempt  will  he  made  to  explore  the  subject  of  the  digestive  and  absorptive  functions 
of  the  cardiac  stomach,  although  these  functions  are  imperfectly  understood  and 
require  further  study. 

MATERIAL  AND  METHODS 

The  animals  used  in  these  studies  were  vigorous  specimens,  ranging  from  5  to  8 
inche>  in  over-all  diameter.  They  were  maintained  in  running  sea  water  at  Woods 
Hole,  or  in  15-gallon  marine  aquaria  at  Ithaca.  The  starfishes  were  fed  periodi- 
cally with  pieces  of  the  soft  parts  of  the  quahaug.  J7ouis  uicrccnaria,  or  with  chunks 
of  frozen  whiting  fillets,  previously  thawed.  No  difficulty  was  encountered  in  in- 
ducing the  animals  to  feed,  once  they  had  become  acclimated  to  conditions  in  the 
aquaria.  It  should  be  noted,  however,  that  the  starfishes  generally  ignored  the 
living  quahaugs  kept  with  them  in  the  tanks ;  only  once  during  a  period  of  several 
months  was  a  quahaug  successfully  attacked  and  opened  by  one  of  my  starfish. 

Preparation  and  treatment  of  specimens  for  preliminary  physiological  experi- 
ments will  be  described  below,  as  necessary,  in  connection  with  the  observations. 
For  histological  work,  the  central  part  of  the  alimentary  tract  was  exposed  by  re- 
moving from  the  living  animal,  relaxed  by  exposure  to  sea  water  containing  added 
MgSO4,  the  aboral  wralls  of  the  disk  and  of  the  proximal  parts  of  the  arms.  The 
pyloric  stomach  and  rectal  caeca  were  discarded,  and  the  portion  of  the  cardiac 
stomach  pertaining  to  a  single  arm  was  carefully  excised  by  radial  incisions  through 
the  wall  of  the  stomach,  and  by  cutting  across  the  peristome.  The  extended  attach- 
ments of  the  retractor  strands  to  the  ambulacral  ossicles  in  the  floor  of  the  arm  were 
severed,  and  the  portion  of  the  stomach  thus  freed  was  transferred  to  a  petri  dish 
of  sea  water  with  added  MgSO4,  for  further  relaxation.  In  this  manner,  the  car- 
diac stomach  of  a  single  specimen  could  be  removed  in  5  approximately  equal  parts. 
Larger  pieces  could  not  be  easily  manipulated  during  the  following  operation,  which 
consisted  of  carefully  spreading  and  pinning  out  the  segments  of  the  stomach  in 
small,  wax-bottomed  dishes  containing  a  little  sea  water.  These  spread  segments 
were  studied  from  either  the  inner  or  the  outer  surface.  Suspensions  of  india  ink 
in  sea  water,  placed  dropwise  on  the  inner  surface,  facilitated  observation  of  the 
currents  maintained  by  the  ciliated  (or  flagellated)  cells  of  the  lining  epithelium. 
Study  of  the  outer  surface  permitted  determination  of  the  precise  courses  of  the 
retractor  fibers  upon  and  within  the  wall  of  the  stomach. 

Following  such  gross  observations,  the  sea  water  was  decanted  from  the  spread 

preparations,  and  the  tissue,  still  pinned  in  place,  was  flooded  with  one  or  another 

H-tological  fixative.     After  partial  fixation  had  occurred,  the  pins  were  removed, 

and  small,  carefully  oriented  parts  of  tin-  stomach  were  excised  and  transferred  to 

fixative.      After  imbedding  in  paraffin  or  in  gelatin,  these  smaller  parts  were 

•rtioned  in  planes  parallel  with,  or  perpendicular  to,  the  plane  ot  the  mouth. 

"'•'•rial  sections  5 //.  in  thickness,  of  material  fixed  in  Zenker-formol,  were  stained 

varietv  of  wavs   for  over-all  orientation  and  to  permit   the  differentiation  of 

lar,  collagenous,  and  elastic  libers  in  the  retractor  mechanism.      Most  useful 

il  ction   were    Mallory's   phosphotungstic  acid   hematoxylin,  Krichesky's 

modi  |]u.    Mallory   triple  connective-tissue  stain,  van  (iieson's  picro-acid 

fuel i  method,    and    tin-    Taenx.er-Unna    acid-orcein    method.      Feulgen 

preparatio'  ;,]sn  employed,  as  well  as  the  periodic  acid-SchitT  routine  for  the 
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demonstration  of  glycogen  and  other  polysaccharide  compounds.  Dilute  toluidine 
blue  was  used  to  localize  metachromatic  elements.  To  reveal  the  distribution  of 
lipids,  material  fixed  in  Baker's  formol-calcium  and  imbedded  in  gelatin  was  sec- 
tioned on  the  freezing  microtome,  colored  with  sudan  black,  and  counterstained  with 
carmalum. 

One  additional  type  of  preparation  was  found  useful  to  reinforce  anatomical  in- 
terpretations from  gross  dissections.  From  a  starfish  6  inches  in  diameter,  one 
arm  was  removed,  together  with  a  portion  of  the  disk  containing  the  part  of  the 
stomach  attached  to  that  arm.  The  aboral  body  wall  was  removed,  and  the  pyloric 
stomach,  pyloric  caeca,  and  gonads  discarded,  along  with  the  distal  two-thirds  of 
the  arm.  The  remaining  piece  consisted  of  the  floor  of  the  proximal  portion  of  the 
arm,  the  floor  of  a  pie-shaped  segment  of  the  disk,  and  that  part  of  the  cardiac  stom- 
ach attached  to  this  piece  by  its  complete  retractor  system  and  by  the  peristome. 
This  preparation,  designed  to  show  the  relationship  between  the  normal,  retracted 
cardiac  stomach  in  situ  and  its  retractor  harness,  was  fixed  in  Zenker-formol.  The 
tissue  was  subsequently  decalcified  for  48  hours  in  a  10%  aqueous  solution  of  di- 
sodium  versenate,3  dehydrated,  and  imbedded  in  paraffin.  Serial  cross-sections 
were  prepared  at  10  and  15  p.,  and  the  sections  were  stained  as  in  the  case  of  the 
spread  segments  of  the  stomach  described  above. 

OBSERVATIONS 
A.  The  retractor  system 

As  revealed  by  aboral  dissection,  or  by  a  sagittal  section  of  an  arm,  what  might 
be  termed  the  extrinsic  part  of  the  retractor  mechanism  of  the  cardiac  stomach  con- 
sists of  5  pairs  of  triangular,  mesentery-like  sheets,  one  pair  in  each  arm,  which 
connect  the  wall  of  the  stomach  with  the  ambulacral  ossicles  in  the  floor  of  the  arm. 
One  side  of  each  triangle  is  formed  by  a  strand  originating  distally  in  the  floor  of 
the  arm,  usually  in  the  neighborhood  of  the  30th  pair  of  ossicles.  The  other  side  is 
represented  by  a  similar,  but  shorter,  strand  which  originates  from  the  lateral  aspect 
of  the  first  ambulacral  ossicle.  As  shown  in  Figure  1,  these  strands  appear  as  the 
thickened,  free,  upper  borders  of  a  long,  low,  triangular,  mesentery-like  sheet  of 
tissue,  which  binds  the  strands  to  the  series  of  ambulacral  ossicles  throughout  their 
length ;  the  extended  attachments  of  this  sheet  to  the  ossicles  form  the  base  of  the 
triangle. 

Microscopically,  the  strands  are  found  to  consist  chiefly  of  fibrous  connective 
tissue,  both  collagenous  and  elastic,  mingled  with  rather  scanty  muscle  fibers.  The 
sheet  below  the  strands  also  contains  collagenous  fibers  which  run  obliquely  upward 
from  the  sheaths  of  the  ossicles  and  interdigitate  with  the  fibers  of  the  strands. 
The  strands  and  the  fibrous  sheet  are  enclosed  by  a  fold  of  mesothelium,  continuous 
with  the  peritoneal  lining  of  the  body  wall. 

3  An  organic  chelating  agent,  the  di-sodium  salt  of  ethylene  diamine  tetra-acetic  acid.  It 
has  been  successfully  used  in  the  demineralization  of  tooth  and  bone  in  vertebrates  (see,  for 
example,  Birge  and  Imhoff,  1952,  and  Freiman,  1954)  but  to  my  knowledge  has  not  previously 
been  applied  to  calcareous  tissues  in  invertebrates.  Its  advantage  over  the  classical  mineral-acid 
decalcifying  procedure  lies  in  the  fact  that  the  versenes  apparently  do  not  destroy  residual  enzy- 
matic activity  and  other  characteristics  of  tissues,  of  interest  in  histochemical  studies.  The 
samples  of  disodium  versenate  employed  in  these  investigations  were  generously  supplied  by  the 
manufacturer,  Bersworth  Chemical  Co.,  Framingham,  Mass. 
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The  apex  of  the  triangle  is  the  point  at  which  the  four  fibrous  strands  in  each 
arm  are  hound  together  hy  a  transverse,  hand-like  connection  (Figs.  1  and  2). 
Thi>  geiu-ral  region  will  he  referred  to  as  the  nodule.  It  is  a  tough,  fibrous  struc- 
ture attached  to  the  miter  surface  of  the  stomach  by  many  radiating  bundles  of 
fibers.  The  nodule  projects  from  the  surface  of  the  stomach,  and  when  the  stomach 
is  fully  retracted  usually  lies  above  the  10th  to  12th  ambulacral  ossicles. 

Each  of  the  '  nodules  may  be  considered  as  forming  a  point  of  transition  be- 
tween the  ,  .vtrinsic  retractor  mechanism  in  the  arms,  just  described,  and  the  intrinsic 
part  of  the  system,  which  lies  upon  and  within  the  wall  of  the  stomach.  Passing 
through  the  nodular  region,  the  extrinsic  strands  coalesce  and  then  give  rise  to  a 


FIGURE  1.  Dissection  of  an  ami  of  A.  jorbcsi  to  show  extrinsic  retractor  mechanism.  At 
a,  ambulacral  ossicles ;  b,  region  of  the  nodule ;  c,  proximal  and  distal  extrinsic  strands ;  d, 
mesentery-like  sheet ;  c,  outer  surface,  and  /,  inner  surface  of  a  segment  of  the  cardiac  stomach, 
pinned  aside. 


complicated  system  of  branching  fibers  radiating  over  the  wall  of  the  stomach. 
From  each  nodule  arise  two  major  bundles  which  proceed  in  opposite  directions,  in 
a  plane  generally  parallelling  that  of  the  oral  opening.  Each  of  these  major  bundles 
gives  off  secondary  branches,  some  of  which  are  distributed  over  the  roof  of  the 
stomach,  but  most  of  which  proceed  downward  toward  the  mouth.  These 
downward-coursing  fibers  branch  in  an  apparently  specific  fashion,  tapering  gradu- 
ally throughout  their  length.  They  enter  the  wall  of  the  stomach,  running  under 
its  peritoneal  covering,  and  contribute  fibers  to  its  muscular  and  connective-tissue 
layers.  "heir  ultimate  branches  may  be  traced,  in  sections,  as  far  as  the  distinct 
line,  abn*  the  mouth,  which  appears  to  mark  the  junction  between  stomach  and 
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esophagus.  The  branching  patterns  of  the  terminal  fibers  coincide  in  a  consistent 
manner  with  corresponding  series  of  branching  channels,  to  be  described  presently, 
which  are  characteristic  of  the  lower  portion  of  the  wall  of  the  stomach. 

Histologically.  the  nodules  and  the  intrinsic  retractor  strands  may  be  described 
as  variable  mixtures  of  collagenous  and  muscular  fibers,  with  an  elastic  fiber  com- 
ponent throughout  but  concentrated  mainly  in  the  nodule  and  its  major  branches. 
The  nodule  appears  as  a  band  of  complexly  wound  collagenous  bundles,  inter- 
spersed with  smaller  muscle  fibers  and  bound  together  by  branching  strands  of 
elastic  tissue.  In  cross  section,  the  large  and  moderate-sized  bundles  arising  from 
the  nodule  appear  to  consist  of  a  central,  collagenous  band,  around  which  are  ar- 
ranged in  a  radial  pattern  6  or  8  smaller,  more  compact  bundles  of  collagenous  fibers 
(Fig.  4).  Aggregations  of  muscle  fibers  occupy  the  spaces  between  the  collagenous 
strands,  and  the  entire  ensemble  is  enclosed  bv  a  mesothelial  covering.  In  the 


FIGURE  2.  Excised  and  partially  spread  segment  of  cardiac  stomach,  as  viewed  from  its 
outer  surface.  At  a,  region  near  the  nodule ;  b,  unspread  portion  of  the  stomach ;  r,  branches 
of  a  channel  system  seen  through  wall  of  stomach ;  d,  esophagus ;  e,  intrinsic  retractor  fibers ; 
/,  point  of  entry  of  fibers  into  wall  of  stomach.  As  shown  in  the  unspread  portion  at  the  right 
of  the  figure,  the  esophagus  normally  gathers  the  lower  end  of  the  stomach  like  a  draw-string. 
It  must  be  cut  and  stretched  considerably  to  allow  spreading  of  the  stomach  on  a  flat  surface, 
as  at  the  left. 


smaller  branches,  farther  removed  from  the  nodule,  the  proportion  of  muscle  fibers 
increases.  These  small  branches  eventually  run  under  the  peritoneal  layer  and 
often  appear  in  sections  as  local  thickenings  of  the  outer  coats  of  the  stomach  wall. 
They  can  be  recognized,  however,  by  the  characteristic  arrangement  and  direction 
of  their  fibers.  Such  a  small  branch  appears  as  a  central  cord  of  collagenous  tissue 
surrounded  by  larger  or  smaller  groups  of  muscle  fibers  (Fig.  4,  arrow). 

B.  The  structure  of  the  wall  of  the  stomach 

In  its  general  histological  composition,  the  wall  of  the  cardiac  stomach  in  the 
starfish  is  substantially  as   described   for  various  genera,   including  .Jsterias,   by 
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Hamann  (1885).  Cuenol  (1887),  Ludwig  (1899).  Schneider  (1902),  Chadwick 
(1923),  and  Hayashi  (1935).  There  is  considerable  variation  in  details  between 
various  genera.  In  .Islcrias,  the.  innermost  layer  is  a  pseudostratified,  columnar 
epithelium  composed  of  tall,  slender  cells  interspersed  with  mucous  gland  cells  and 
secretory  cells  containing  coarse  granules;  the  distribution  of  these  glandular  cells 
varies  in  different  parts  of  the  stomach.  Between  the  elongated  bases  of  the  epi- 
thelial cells  run  the  fibers  of  nerve  cells  constituting  the  "nerve  layer"  (Chadwick, 
1923i  or  "neurollbrillar  plexus"  (Smith,  1937),  varying  in  thickness  in  various 
regions.  The  extended  basal  processes  of  the  epithelial  cells  rest  upon,  and  often 
appear  to  intertwine  with,  the  fibers  of  the  connective-tissue  layer  lying  just  outside 
the  neurofibrillar  plexus.  Beneath  this  collagenous  and  elastic  coat  (Fig.  4)  are 
two  layers  of  muscle  fibers ;  the  fibers  of  the  inner  layer  take  a  generally  circular 


FIGURE  3.  Portion  of  a  channel  system  as  viewed  on  the  inner  surface  of  the  spread  stom- 
ach. At  a,  intrinsic  retractor  bundle  seen  through  the  wall  of  the  stomach ;  b,  channels ;  c, 
esophagus ;  d,  approximate  plane  of  section  shown  in  Figure  5.  The  eminences  or  ridges  be- 
tween the  terminal  branches  of  the  channel  patterns  are  covered  with  the  closely  packed  spe- 
cialized epithelial  cells. 


course,  while  those  of  the  outer  layer  are  longitudinal.     The  longitudinal  muscle 

layer  is  covered  externally  by  the  visceral  peritoneum,  which,  as  elsewhere  in  the 

body,  consists  of  a  single  layer  of  approximately  cuboidal,  flagellated  cel^.     The 

connective-tissue  layer  appears  to  serve  as  the  basement  membrane  of  the  epithelium 

and  throughout  its  distribution  sends  short,  branching  fibers  into  the  nerve  layer 

and  into  the  muscular  layers.     These  fibers  appear  to  be  elastic  strands  which  aid 

Maintaining  the  spatial  relationships  between  the  connective-tissue  layer,  the  epi- 

um,  and  the  muscular  coats. 

most  conspicuous  structural  feature  of  the  cardiac  stomach,  viewed  either 
in  s]  1  preparations  (Figs.  2,  3)  or  in  cross-sections  (Fig.  5).  is  the  series  of 
bnu  •  (''ins  of  channels,  or  gutters,  beginning  at  the  line  which  marks  the 

oral  ei  :  cardiac  stomach.      The  broad,  widely-dispersed  lower  ends  of  these 

•  ,-s  open  on  this  line  of  demarcation;  the  gutters  pass  upward,  con- 
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verging  in  a  specific  pattern  which  appears  to  follow  generally  the  convergent 
paths  of  the  retractor  fibers  described  above.  In  the  portion  of  the  stomach  per- 
taining to  each  arm  there  are  usually  10  sets  of  these  gutter  systems.  The  smaller 
end-branches  of  the  patterns,  within  the  mouth,  are  deeper  and  narrower  than  the 
larger  branches,  higher  in  the  stomach,  formed  by  coalescence  of  the  smaller  chan- 
nels. In  its  finer  details,  the  distribution  of  the  gutter  patterns  does  not  exactly 
follow  the  branching  patterns  of  the  retractor  fibers,  but  there  is  a  high  degree  of 
correspondence  between  the  two  systems. 

Figure  3  shows  a  series  of  these  gutter  patterns  as  they  appear  on  the  inner 
surface  of  a  spread  segment  of  the  cardiac  stomach.  The  distribution  of  the  related 
retractor  fibers  in  the  outer  layers  of  the  stomach  wall  is  also  indicated.  Figure  5 
shows  a  cross-section  of  the  wall  of  the  stomach  through  a  portion  of  a  single  gutter 
system.  It  should  be  noted  that  the  grooves  follow  a  specific  pattern,  and  that  the 
alternating  channels  and  ridges  involve  not  the  epithelium  alone,  but  the  entire 
thickness  of  the  wall  of  the  stomach. 

As  shown  in  Figure  6,  the  epithelium  lining  the  bottom  and  sides  of  a  single 
groove  is  composed  of  tall,  slender,  closely  packed  cells,  each  containing  a  small, 
ovoid  nucleus.  This  kind  of  cell  may  be  termed  "typical"  in  appearance;  that  is, 
cells  like  these  predominate  in  the  epithelium  of  the  cardiac  stomach  as  a  whole. 
Each  of  these  typical  cells  bears  a  single,  long  flagellum  with  a  single  basal  granule, 
and  the  distal  ends  of  the  cells  are  covered  by  a  well  developed  brush  border. 

As  Figure  7  shows,  an  entirely  different  kind  of  cell,  which  we  may  term  a 
"specialized"  cell,  occurs  on  the  ridges  between  adjacent  grooves.  Such  a  special- 
ized cell  is  characterized  by  a  thin,  elongate  nucleus  occupying  one-third  to  one-half 
of  its  length.  The  specialized  cell  bears  more  than  one  flagellum,  the  number  vary- 
ing between  two  and  six.  Each  flagellum  springs  from  a  separate  basal  granule, 
and  coarse,  deeply  staining  fibrils  from  these  granules  coalesce  to  form  a  single 
strand  which  appears  to  join  the  nuclear  membrane,  or  to  proceed  beside  the  nu- 
cleus toward  the  base  of  the  cell.  The  elongated  nuclei  of  the  specialized  cells  are 
much  denser  and  less  granular  than  the  ovoid  nuclei  of  the  typical  cells ;  the  Feulgen 
stain  reveals  the  long  nuclei  as  dense,  homogeneous  masses  of  DNA. 

In  addition  to  the  specialized  cells,  the  ridges  between  the  channels  bear  many 
large  mucous  gland  cells.  The  ovoid  nuclei  of  these  gland  cells  lie  near  the  base 
of  the  epithelium,  and  the  mucous  goblets  stream  upward  toward  the  free  border, 
often  compressed  and  distorted  by  the  crowding  of  adjacent  cells.  At  the  lower 
end  of  each  ridge  there  occurs  a  rather  gradual  transition  to  the  type  of  epithelium 
characteristic  of  the  esophagus ;  here  the  specialized  cells  are  not  so  closely  packed 
but  are  .interspersed  with  very  numerous  mucous  gland  cells  and  cells  filled  with 
coarse,  refringent  granules. 

A  particularly  sharp  line  of  transition  between  the  typical  cells  and  the  special- 
ized cells  occurs  partway  up  the  side  of  each  ridge;  this  may  be  noted  in  Figure  5 
and  is  shown  more  clearly  in  Figure  8.  Below  the  line  of  transition,  that  is,  nearer 
the  bottom  of  the  groove,  there  appears  a  band  of  typical  cells  which  present  inter- 
esting distal  differentiations.  These  cells  are  distinguished  by  the  fact  that  their 
distal  ends  contain  masses  or  strands  of  small  granules,  lying  about  and  below  the 
basal  granules  of  the  flagella.  The  small  granules  appear  to  stream  out  of  the  cells 
of  their  origin  and  are  scattered  about  in  and  on  the  brush  border  of  neighboring 
cells.  The  general  appearance  of  such  a  region  of  cells  with  distal  differentiations 
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is  shown  in  Figure  9.  The  small  granules  stain  metachromatically  with  toluidine 
blue;  they  react  positively  with  the  periodic  acid-Schiff  routine,  and  this  properu 
is  not  destroyed  by  exposure  to  diastatic  digestion.  In  addition,  they  stain  deeply 
with  acidulated  orcein.  In  all  respects  except  this  last,  they  behave  like  the  secre- 
tion of  the  mucous  gland  cells,  but  in  their  form  and  distribution  they  are  very 
different  from  the  mucous  secretions.  Small  aggregations  of  similarly  metachro- 
matic  and  Schiff-positive  secretion  products  occur  in  many  of  the  typical  cells 
throughout  the  lining  of  the  cardiac  stomach,  but  in  the  restricted,  band-like  areas 
of  the  walls  of  the  grooves  they  are  much  more  concentrated. 

Figure  9  also  shows  the  appearance  of  a  type  of  gland  cell  not  previously  de- 
scribed. It  occurs  always  in  company  with  "typical"  cells ;  its  nucleus  is  located 
basally,  and  the  shape  of  the  cell  is  always  like  that  of  a  flask  with  an  extremely 
long  and  attenuated  neck,  extending  to  the  free  border  of  the  epithelium.  The 
finely-granular,  dense  cytoplasm  of  such  cells  stains  deeply  with  phosphotungstic 
acid  hematoxylin  and  with  acidulated  orcein,  unlike  ordinary  mucous  goblets. 
These  cells  may  represent  early  stages  in  the  secretory  cycle  of  mucous  gland  cells. 

The  epithelium  of  the  region  below  the  ends  of  the  groove  patterns,  which  I 
have  interpreted  as  corresponding  to  the  esophagus,  has  a  finely  corrugated  appear- 
ance. The  corrugations  (Fig.  3)  involve  only  the  epithelial  and  nervous  layers, 
not  the  entire  thickness  of  the  wall.  They  are  arranged  in  a  circular  direction,  and 
this  portion  of  the  wall  seems  capable  of  considerable  distension.  The  epithelium 
of  the  esophagus  consists  of  specialized  cells  with  long  nuclei,  like  those  covering 
the  ridges  at  the  lower  end  of  the  stomach.  In  this  upper  portion  of  the  esophagus 
the  specialized  cells  are  accompanied  by  very  numerous  granular  secretory  cells  and 
many  mucous  gland  cells.  There  is  a  gradual  transition  to  lower,  more  nearly 

PLATE  I 

With  the  exception  of  Figure  5,  all  figures  in  this  plate  are  of  material  fixed  in  Zenker- 
formol,  sectioned  at  5  M,  and  stained  as  indicated.  Magnifications  given  are  approximately  those 
of  the  figures  as  they  appear  here,  after  enlargement  and  reduction. 

FIGURE  4.  Longitudinal  section  through  upper  region  of  stomach,  showing  a  fairly  large 
retractor  fiber  bundle  in  cross-section.  Lumen  to  left.  Mesothelial  covering  has  been  lost 
from  outer  surface  of  bundle.  Note  thickness  of  nerve  layer ;  at  arrow,  small  retractor  fiber 
under  peritoneum.  Acidulated  orcein,  hematoxylin  counterstain.  88  X. 

FIGURE  5.  Frozen  section,  approximately  10  /",  through  channel  pattern  at  lower  end  of 
stomach  (see  Fig.  3,  d).  Lumen  to  left.  Note  contrast  in  epithelium  in  channels  and  on  ridges. 
Sudan  black,  carmalum,  after  formol-calcium  fixation.  52  > 

FIGURE  6.  Epithelium  at  base  of  channel.  Note  small,  ovoid  nuclei ;  brush  border ;  basal 
granules  and  distal  fibrils  in  cells.  Light  areas  are  mucous  gland  cells.  Phosphotungstic  acid 
hematoxylin.  278  X. 

FIGURE  7.  Epithelium  on  ridge  between  channels;  lumen  to  right.  Note  dense,  elongate 
nuclei.  Small  clear  areas  are  mucous  gland  cells.  Phosphotungstic  acid  hematoxylin.  378  > 

FIGURE  8.  Transition  zone  between  typical  cells  and  specialized  cells  on  the  side  of  a  ridge. 
Note  multiple  basal  granules  and  distal  fibrils  in  specialized  cells ;  comma-shaped  nuclei  in  these 
cells  are  not  intact  but  have  been  cut  at  an  angle.  Phosphotungstic  acid  hematoxylin.  387  ) 

FIGURE  9.  Typical  cells  with  distal  differentiations,  in  sides  of  a  small  channel.  Note  that 
similar  areas  in  Figure  6  have  not  stained  with  hematoxylin.  At  arrow,  flask-shaped  gland  cell. 
Acidulated  orcein,  no  counterstain.  278  X. 

FIGURE  10.  Epithelium  at  region  of  attachment  of  a  retractor  strand;  cf.  Figure  4.  Note 
arcades  formed  by  bundles  of  basal  processes  from  epithelial  cells;  fibers  and  nuclei  in  nerve- 
layer ;  absence  of  specialized  cells  from  epithelium  in  this  region.  Lumen  above.  Phosphotung- 
stic acid  hematoxylin.  443  X. 
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typical  epithelial  cells  in  the  lower  regions  of  the  esophagus,  and  the  secretory  cells 
decrease  in  number.-. 

The  areas  of  the  wall  of  the  cardiac  stomach  lying  between  and  above  the  orally 
directed  groove  patterns  are  covered  by  an  epithelium  which  consists  entirely  of 
typical  cells,  interspersed  with  mucous  gland  cells.  My  studies  indicate  that  the 
specialized  cells  with  elongate  nuclei  are  found  nowhere  in  the  wall  of  the  cardiac 
stomach  proper,  except  on  the  ridges  separating  the  channels  near  the  esophagus. 
The  coarsely  granular  secretory  cells  appear  never  to  occur  in  the  cardiac  stomach 
itself  along  with  typical  cells ;  they  are  found  in  the  esophagus  only,  and  only  in 
companv  with  specialized  cells. 

In  regions  adjacent  to  the  attachment  or  insertion  of  retractor  libers,  higher  in 
the  stomach,  the  nerve  layer  is  often  considerably  thickened.  In  such  areas  (Figs. 
1,  10),  the  epithelial  cells  send  down  bundles  of  elongate,  fibrous  basal  processes 
which  insert  on  the  connective-tissue  layer.  These  bundles  form  arcades  through 
which  course  the  fibers  of  nerve  cells.  Preliminary  results  of  histochemical  studies 
show  that  in  well-fed  animals  droplets  of  lipid  and  deposits  of  glycogen  are  localized 
in  the  tapering  portions  of  these  epithelial  cells,  just  above  their  fibrous  processes. 

C.  Physiological  studies 

On  the  surface  of  the  esophagus,  on  the  ridges,  and  on  the  inner  surface  of  the 
cardiac  stomach  generally,  the  currents  produced  by  the  vibratile  organelles  of  the 
epithelial  cells  sweep  in  the  direction  from  mouth  to  anus.  Within  the  branching 
channels,  however,  the  only  currents  I  have  been  able  to  demonstrate  are  those 
which  might  be  termed  centripetal;  that  is,  particles  coming  into  a  channel  are 
whisked  out  of  it  again,  toward  the  center  of  the  digestive  cavity. 

Following  the  injection  of  25  ml.  of  a  1  : 10,000  sea  water  solution  of  acetyl- 
choline  chloride  into  the  perivisceral  coelom  of  a  large  starfish,  it  is  possible,  by 
exerting  pressure  on  the  arms,  to  bring  about  the  eversion  of  the  cardiac  stomach 
to  any  desired  degree.  Observation  of  the  extruded  vesicles  of  the  cardiac  stomach 
indicates  that  the  major  part  of  the  "ballooning"  of  the  stomach  wall  occurs  in  the 
region  of  the  so-called  esophagus.  The  region  of  the  stomach  marked  by  the  channel 
systems  appears  to  slide  more  or  less  straight  downward  from  the  mouth  and  may 
be  protruded  to  a  considerable  degree.  The  channels  at  the  lower  ends  of  the  sys- 
tems may  extend  laterally  a  short  distance  over  the  lower,  medial  ends  of  the  vesi- 
cles, but  for  the  most  part  the  channel  systems  lie  on  the  inner  faces  of  the  vesicles, 
surrounding  the  narrow  passageway  leading  upward  into  the  stomach.  It  is  likely 
that  contributions  to  the  stretched  walls  of  the  vesicles  are  made  by  the  thin  por- 
tions of  the  stomach  wall  lying  between  the  separate  sets  of  gutter  systems. 

The  demonstration  that  acetylcholine  facilitated  the  artificial  eversion  of  the 

stomach,  which  cannot  be  caused  at  will  in  a  normal,  untreated  animal,  made  it 

•  '(  -irable  to  determine  in  a  preliminary  manner  the  effects  of  acetylcholine  and  of 

:lin  on  the  various  parts  of  the  stomach  involved  in  eversion  and  retraction. 

dingly,  several  starfishes  were  prepared  by  removal  of  the  aboral  wall  of  the 

1  excision  of  the  pyloric  stomach  and  the  roof  of  the  cardiac  stomach.     In 

tin  ihe  inner  surfaces  of  the  cardiac  stomach  and  of  the  esophagus  were  ex- 

po-e<;  •  losed  mouth  appearing  at  the  center,  below  the  esophageal  area.     The 

fold-  retracted  stomach,  together  with  the  retractor  harness,  remained  intact. 

A  solution    if  .-u-etylcholine  in  sea  water  (1:10,000),  dripped  slowly  on  the  region 
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surrounding  the  mouth  internally,  caused  a  slow,  steady,  considerable  enlargement 
of  the  oral  opening.  If  the  acetylcholine  was  flushed  away  with  fresh  sea  water, 
and  a  1:10,000  sea  water  solution  of  adrenalin  chloride  was  dripped  on  the  area 
around  the  open  mouth,  the  oral  opening  immediately  and  rapidly  closed.  This 
alternate  opening  and  closing  of  the  mouth  under  the  influence  of  the  two  drugs 
could  be  repeated  many  times,  the  solutions  being  washed  away  each  time  with 
fresh  sea  water.  Little,  if  any,  effect  of  either  drug  could  be  noted  when  solu- 
tions were  applied  to  the  folded  walls  of  the  retracted  stomach,  or  to  the  retractor 
strands.  Minute  changes  in  the  length  of  the  extrinsic  strands  extending  into  the 
arms  would  be  difficult  to  detect  under  these  conditions ;  various  small  movements 
of  the  underlying  body  wall  do  occur,  and  these  are  reflected  in  small,  apparently 
passive  changes  in  the  tension  of  the  strands. 

DISCUSSION 

Knowledge  and  understanding  of  the  retractor  mechanism  of  the  cardiac  stom- 
ach have  had  a  slow  growth  and  a  varied  history.  Linck  (1733;  Appendix  IV, 
p.  100,  first  commentary  on  Kade's  para.  IX  )  makes  an  indirect  reference  to  5 
connecting  ligaments  in  relation  to  the  stomach.  Cuvier,  writing  about  the  year 
1800,  in  his  description  of  the  nervous  system  of  the  starfish,  writes  as  follows 
(Ross'  translation,  1802,  Vol.  IT,  p.  369):  "Round  the  oesophagus  we  observe  a 
girth  of  a  soft  whitish  substance,  which  produces  ten  filaments,  two  to  each  of  the 
branches  .  .  .  the  two  filaments  belonging  to  each  branch  having  arrived  at  the 
base  of  the  osseous  and  articulated  stalk  .  .  .  unite  to  form  a  short  cord,  which 
extends  directly  from  the  one  to  the  other ;  ...  At  the  place  where  they  are  united, 
each  produces  a  fasciculus  of  filaments,  which  are  distributed  to  the  stomach.  .  .  . 
The  appearance  of  all  these  filaments  is  rather  tendinous  than  nervous,  and  that 
circumstance  has  hitherto  chiefly  prevented  us  from  forming  a  decided  opinion  of 
their  nature."  4  From  this  description,  one  is  struck  by  the  accuracy  of  Cuvier's  ob- 
servations ;  he  is  clearly  describing  the  intrinsic  and  extrinsic  retractor  mechanisms 
of  the  cardiac  stomach.  And,  obviously,  he  was  not  convinced  that  these  filaments 
represented  the  nervous  system,  although  he  discusses  them  in  connection  with  the 
nervous  system  and  does  not  suggest  for  them  any  alternative  function. 

With  less  caution,  Spix  (1809),  a  disciple  of  Cuvier,  gives  a  less  accurate  de- 
scription of  the  retractor  system  of  the  stomach  in  Astcricts  nihois,  stating  that  the 
nodules  (Spix's  own  term :  p.  440 )  on  the  wall  of  the  stomach  are  ganglia,  and  that 
the  various  fibers  and  strands  radiating  from  them  are  other  parts  of  the  nervous 
system. 

Tiedemann    (1816)    corrects   Spix's    (and   Cuvier's)    error"   and    describes   the 

4  Cuvier's  original  statement    (T.  II,  p.  360)   is  as  follows:  Aiitonr  I'ocsophane  s'«l>serve 
une  ceinture  de  substance  molle  et  blanchatre,  d'ou  partent  dlx  filets:  deu.r  pour  elnieuue  des 
branches.  .  .  .  Les  deux  filets  qui  appartiennent  a  chaquc  branche  ctaut  arrh-es  </  la  base  dc  la 
tii/e  osseuse  et  articulee  .  .  .  se  reunissent  par  un  cordon  court  qui  se  rend  directement  de  I'un 
a  1'autrc.  .  .  .  A  1'cndroit  on  Us  sc  reunissent,  piirt  de  clnieini  d'cu.r  nn  faiseeiiit  </r  filets  <]ui  se 
distribuent  sur  I'estomac.  .  .  .  L'aspcct  de  tons  ees  filets  est  plutot  iendineit.r  quc  ncrvcux,  et 
c'est  sur-tout  cela  qui  nous  empeche  de  nous  decider  encore. 

5  It  is  somewhat  puzzling  to  note  that  Tiedemann,  who  was  an  enthusiastic  follower  of 
Cuvier  and  familiar  with  his  work,  does  not  mention  Cuvier's  suggestion  of  the  nervous  nature 
of  these  fibers,  although  in  an  extended  footnote  he  practically  ridicules   Spix  for  his  similar 
interpretation. 
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counterpart  of  tlu-  fibrous  system  in  Astropecten  unrantiacits,  where  it  differs  in 
many  respects  from  that  of  .  Istcrias.  (The  differences  are  in  part  presumably  re- 
lated to  differences  in  feeding  hahits  :  whereas  Asterias  carries  on  much  of  its  diges- 
tive activity  with  the  vesicles  of  the  cardiac  stomach  everted,  Astropcctcn  apparently 
everts  the  stomach  only  to  engulf  food  which  is  then  "swallowed"  by  retraction  of  the 
vesicles;  see,  for  example,  Cuenot,  18(M,  p.  4H>;  Ludwig,  1899,  p.  73.x  i  Tiede- 
mann,  although  he  knew  well  the  eversihle  nature  of  the  cardiac  stomach,  describes 
the  fibrous  strands  as  "tendinous"  (  sclincnartit/e)  and  does  not  impute  to  them  any 
retractor  functions.  He  says  merely  (p.  43):  "All  of  these  strands  connect  the 
outer  surface  of  the  stomach  with  the  inner  surface  of  the  .skin,  and  hold  the  stom- 
ach spread  and  suspended  in  its  place."  '; 

Since  the  descriptions  furnished  by  Cuvier  and  Spix.  the  pertinent  literature 
reveals  a  surprising  lack  of  interest  on  the  part  of  investigators  in  what  I  have 
termed  the  intrinsic  retractor  mechanism.  Ludwig  (  1899,  p.  587)  speaks  of  paired 
Magenmesenterien,  arising  from  several  roots  on  the  outer  surface  of  the  stomach; 
here,  however,  as  in  most  cases,  the  author  deals  almost  exclusively  with  the  nature 
and  disposition  of  the  extrinsic  strands.  With  regard  to  these  extrinsic  parts,  an 
interesting  shift  of  opinion  has  occurred  :  their  function  as  muscular  retractor 
strands  has  been  emphasized,  while  their  fibrous  nature,  and  the  possibility  that 
they  may  serve  simply  as  ligamentous  attachments,  have  been  lost  sight  of.  Hoff- 
mann (1872,  ]>.  ())  writes  of  .Istcrias  ritbois:  "The  10  Hat  bands  which  arise  from 
the  under  surface  of  the  stomach,  run  in  pairs  into  the  arms,  and  serve  for  the  at- 
tachment of  the  stomach,  consist  of  connective-tissue  bundles  infiltrated  by  muscle 
strands."  Cuenot  (  1887,  p.  41  i  attributes  the  withdrawal  of  the  stomach  after 
feeding  to  the  contraction  of  muscles  in  the  mesenteric  strands  (  ".  .  .  pour  !c 
reintegrer,  Ics  muscles  dcs  brides  mesenteriques  sc  contraclent,  ct  I'attircnt  a  I'iutc- 
ricur").  Cuenot's  1887  opinion  is  essentially  restated  in  his  last  work  on  this 
subject  (  1('48  |.  Ludwig  describes  the  extrinsic  retractors  as  mesenteries  and  states 
clearly  that  they  are  composed  of  connective-tissue  fibers,  with  only  a  slight  repre- 
sentation of  muscular  tissue.  Chadwick.  in  his  monograph  on  Astcrias  (1923), 
shows  by  a  figure  (Plate  V,  Fig.  43)  that  he  had  observed  the  true  appearance  of 
the  triangular  extrinsic  sheets,  with  the  nodules  at  their  apices  ;  however,  he  con- 
siders the  strands  as  retractor  muscles  and  gives  no  indication  of  their  composition, 
or  of  their  possible  function  as  simple  attachments  for  the  stomach.  Lie  writes  (p. 
20):  "The  stomach  is  furnished  with  five  pairs  of  retractor  muscles.  .  .  .  These 
muscles  come  into  action  when  the  cardiac  sac  is  retracted  after  eversion.  .  .  ." 
Modern  British  and  American  textbook  authors  unanimouslv  follow  Chadwick  and 

. 

-peak  of  the  strands  as  retractor  muscles,  which  by  their  contraction  withdraw  the 

stomach  after  feeding. 

\-  the  earlier  authors   were  aware,  and  as  indicated  by  the  present  study,  the 

logical  structure  and  the  anatomical  relationships  of  the  extrinsic  strands  and 

'In  not  appear  to  justifv  this  interpretation.      Lach  of  the  nodules  on  the 


li-ninim's  staU-iiu-nt  (p.  -4.il  :  .///<•  tliesi-  /'<;</<•»  T<'rl'intleii  tilt-  tnissere  I'liielie  </t\v 

Yen  I'ldcJic  der  J/aut,  ;/;/</  crluillen  ilen  Mat/en  iiits</el>reitct  and  tiiift/ehiincit  in  seiner 

i  ites  (  p.  (>)  :  Pie  JO  platter  Hinider  'ti'clclie  ;v/i  der  itnteren  l-'liielte  ties  Mn</<-n.\ 
t'litSj  in  ih,-  .  Iriiien  rer/diiten  uinl  ::.tir  Befcstigung  ties  Mai/i-ns  dienen,  l>es/eheu 

>iiit  Must.'!  'i^-liseL-jten   />;»</<•<•  .....  ''ihnleln. 
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wall  of  the  stomach  is  bound  to  the  ambulacra!  ossicles  of  its  arm  by  4  tough,  col- 
lagenous  strands,  which  are  further  secured  by  the  mesentery-like  sheets.  Com- 
parison of  a  series  of  preserved  specimens  with  stomachs  in  different  stages  of  ever- 
sion  or  retraction  reveals  that  the  nodules  do  move  in  relation  to  the  ossicles,  but 
only  very  slightly;  in  the  most  strongly  everted  specimen  the  nodules  lay  over  the 
4th  and  5th  ossicles.  These  facts,  and  the  very  scanty  musculature  of  the  extrinsic- 
parts  of  the  system,  make  it  clear  that  the  principal  function  of  the  extrinsic  strands 
and  sheets  is  to  provide  a  firm  but  elastic  and  slightly  movable  anchorage  for  the 
nodules,  and  through  the  nodules,  for  the  intrinsic  retractor  libers  and  the  wall  of 
the  stomach  itself.  Against  these  5  anchored  points  the  brandling  and  widely 
distributed  strands  of  the  intrinsic  retractor  system  may  passively  stretch  and  pull. 
during  aversion,  as  the  mouth  opens  and  the  increased  intracoelomic  pressure  in- 
flates and  everts  the  thin-walled  pockets  of  the  stomach. 

The  fact  that  the  nodules  do  move  during  aversion,  and  that  the  extrinsic  strands 
do  contain  muscle  fibers,  suggests  that  these  parts  possess  a  slight  contractility  use- 
ful in  returning  the  nodules  to  their  normal  positions  at  retraction.  The  more  sig- 
nificant aspects  of  retraction,  however,  involving  the  deflation  and  withdrawal  of 
the  vesicles  and  the  folding  of  the  walls  of  the  stomach  into  their  positions  within 
the  disk,  undoubtedly  depend  upon  the  contractility  and  elasticity  of  the  intrinsic 
retractor  mechanism.  In  the  constituent  strands  of  this  system,  as  in  the  wall  of 
the  stomach  itself,  muscular  fibers  are  well  developed.  The  proximal  ends  of  these 
fibers  are  ultimately  attached  to  the  relatively  fixed  nodules  ;  their  distal  ends  insert 
on  the  walls  of  the  cardiac  stomach  in  widely  distributed  patterns  near  the  esopha- 
gus. Contraction  of  these  fibers  would  therefore  "pucker"  the  walls  of  the  everted 
vesicles,  reducing  their  volume  and  forcing  the  return  of  their  fluid  contents  into 
the  perivisceral  coelomic  cavities  of  the  arms.  The  specificity  and  constancy  of  the 
patterns  of  distribution  of  the  intrinsic  retractor  fibers  make  it  apparent  that  the 
folding  of  the  wall  of  the  stomach  is  not  a  random  process  brought  about  by  trac- 
tion from  the  remote  extrinsic  parts,  but  occurs  in  an  orderly,  specific  fashion,  con- 
trolled by  the  intrinsic  musculature. 

The  mouth  is  opened  by  relaxation  of  the  fibers  of  the  relatively  thick  circular 
muscle  layer  in  this  area,  and  contraction  of  the  longitudinal  muscle  fibers,  which 
in  this  region  ( peristome,  Mundhaut)  take  a  radial  course.  Cuvier  (  1S37,  T.  Y., 
p.  377)  recognizes  the  reciprocal  functions  of  the  circular  and  longitudinal  muscular 
layers  in  the  control  of  the  mouth,  remarking  that  the  opening  and  closing  of  the 
mouth  resembles  that  of  a  pupil.  The  antagonistic  effects  of  acetylcholine  and 
adrenalin  in  controlling  these  processes  may  be  assumed  to  be  operative  in  the 
normal  feeding  activities.  Previous  investigators  have  demonstrated  that  muscular 
tissues  of  the  alimentary  tract  in  .Istcrias  contain  appreciable  quantities  of  acetyl- 
choline ( Bacq,  1947)  and  exhibit  marked  cholinesterase  activitv  (Augustinsson, 
1946).  The  results  of  the  present  preliminary  studies  indicate  that  these  chemical 
mediators  operate  in  relation  to  specific  processes  involved  in  the  normal  functions 
of  the  alimentary  system.  It  would  be  helpful  to  know  whether  the  antagonistic 
effects  of  acetylcholine  and  adrenalin  on  the  muscles  of  the  oral  region  reflect  recip- 
rocal innervation  of  the  circular  and  longitudinal  muscle  layers  of  the  peristome 
from  separate  components  of  the  nervous  system.  The  details  of  the  innervation 
of  these  muscular  layers  in  Astcruts  are  apparently  unknown,  llamann  (  18S5  > 
describes  very  generally  the  origin  of  the  continuous  peristoiuial  and  visceral  nerve 
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plexus  layer  from  the  nerve  ring  bordering  the  peristome.  The  relationships  of 
the  visceral  nerve  layer  to  the  other  components  of  the  "ectoneural  system"  are  out- 
lined and  discussed  by  Ludwig  (1899,  pp.  547  //".).  Smith  (1937)  describes 
superficially  the  probable  sensory  relations  of  the  gut  wall,  but  the  presence  of  spe- 
cific sensory  and  motor  pathways  in  the  nerve  layer  of  the  alimentary  tract  has  not 
been  demonstrated.  It  is  to  be  hoped  that  the  elegant  researches  of  Smith  ( 'I'M/. 
1950)  on  the  sensory-neuro-muscular  aspects  of  the  somatic  parts  of  the  starfish 
may  soon  be  extended  to  elucidate  the  functional  details  of  the  visceral  system. 

Whatever  the  related  facts  of  innervation  and  neurohumoral  activation  may  be. 
and  granting  readily  the  preliminary  and  tentative  nature  of  the  physiological  con- 
clusions drawn  from  the  present  studies,  the  following  resume  of  events  in  eversion 
and  retraction  of  the  cardiac  stomach  seems  justified  on  the  basis  of  observations 
to  date : 

Emersion:   (a)  opening  of  mouth   (cholinergic  fiber  activity?)  ;  relaxation  of  mus- 
cles in  wall  of  stomach  and  in  intrinsic  retractor  strands ; 

(b)  contraction  of  muscles  in  body  wall,  increasing  intracoelomic  pressure 
against  relaxed  walls  of  the  stomach,  which  are  forced  out  through  mouth  as 
fluid-filled  vesicles. 

Retraction:    (a)    relaxation    of    muscles    in    body    wall,    decreasing    intracoelomic 

pressure ; 

(b)  contraction  of  muscles  in  wall  of  stomach  and  in  retractor  system,  forcing 
coelomic  fluid  back  into  cavities  of  arms,  deflating  vesicles,  and  folding  walls 
of  stomach  into  normal  internal  positions;  closing  of  mouth  (adrenergic 
fiber  activity?). 

If  one  assumes  a  degree  of  elasticity  in  the  body  wall,  relaxation  of  the  body 
wall  musculature  would  permit  an  active  increase  in  the  volume  of  the  peri  visceral 
coelom  and  thus  by  elastic  recoil  exert  a  certain  amount  of  suction  on  the  vesicles 
of  the  everted  stomach.  Whether  or  not  this  actually  occurs,  it  could  theoretically 
operate  as  an  additional  factor  in  the  retraction  of  the  stomach. 

The  significance  of  the  specific  and  conspicuous  patterns  of  channels  on  the  wall 
of  the  cardiac  stomach  remains  to  be  explained.     It  is  surprising  that  they  have 
apparently  escaped  description  by  previous  observers,  who  have  contented  them- 
selves by  remarking  generally  on  the  folded  nature  of  the  walls  of  the  retracted 
stomach.     The  oversight  may  be  accounted  for  by  the  fact  that  the  patterns  are 
unsuspected  when  one  examines  the  retracted  stomach.     Under  normal   circum- 
stances, the  investigator  rarely  sees  a  strongly  everted  stomach;  the  "humped"  posi- 
tion of  the  body  during  feeding  effectively  conceals  the  details  of  the  everted  vesi- 
cles.    They  may  be  properly  examined  only  when  the  cardiac  stomach  is  removed 
from  the  animal  and  spread.      At  first  glance,  one  would  expect  that  such  convergent 
oves,  leading  upward  from  the  esophagus  into  the  stomach,  would  be  of  value 
viding  protected   channels  for  upward-flowing  currents.      However,  as  ex- 
icnts  with  india-ink  suspensions  indicate,  the  channels  are  the  only  places  on 

e  of  the  epithelium  where  currents  do  not  flow  upward, 
-pecialixed  cells  clothing  the  ridges  between   these  channels  may  be  note- 
is   connection.      Such  cells  have  never  been   de.scribed   in   the  classical 
histol<  -Indies   of   the   cardiac   stomach.      Smith    (1(M7).   in    a   report   dealing 

primal  the  nervous  system,  noted   similar  cells  in   the  cardiac   stomach  of 
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Marthasterias  glacialis.  He  does  not  clearly  describe  their  distribution,  stating 
merely  that  they  are  to  be  found  only  in  those  parts  of  the  stomach  where  there  is 
developed  an  extensive  neurofibrillar  plexus.  Admitting  the  lack  of  direct  evi- 
dence. Smith  nevertheless  suggests  that  these  cells  with  "cigar-shaped  nuclei"  may 
represent  sensory  receptor  cells.  "Their  presence  would,  indeed,  not  be  unsus- 
pected in  an  evaginable  part  of  the  gut  which  is  capable  of  being  wrapped  round  the 
prey  during  the  process  of  ingestion"  (p.  146).  In  the  stomach  itself,  as  the  pres- 
ent study  shows,  these  specialized  cells  are  wholly  restricted  to  the  regions  of  the 
gutter  systems;  they  are  found  otherwise  only  in  the  epithelium  of  the  esophagus, 
which  appears  to  contribute  very  significantly  to  the  evaginated  vesicles.  These  cells 
show  no  evidence  of  secretory  activity,  and,  aside  from  their  peculiar  nuclei,  their 
only  other  distinctions  from  typical  cells  (i.e.,  multiple  flagella,  with  well  devel- 
oped intracellular  fibrillar  connections)  might  well  be  adaptations  to  sensory  re- 
ceptor functions.  It  may  be  suggested  that  the  alternating  grooves  and  ridges, 
which  are  fundamentally  of  the  nature  of  folds  in  the  stomach  wall,  may  have  de- 
veloped in  conjunction  with  the  distribution  patterns  of  the  terminal  fibers  of  the 
intrinsic  retractor  system,  and  in  response  to  their  folding  actions.  The  specialized 
cells  may  simply  form  patches  of  sensory  epithelium  between  the  grooves.  One 
might  emphasize  also  the  fact  that  although  the  regions  bearing  the  grooves  and 
their  supposed  sensory  epithelial  patches  are  not  themselves  strongly  everted  at 
feeding,  they  do  form  an  almost  continuous  lining  for  the  narrow  passageway 
leading  upward  into  the  stomach,  through  which  all  ingested  material  must  pass. 
The  distal  differentiations  of  the  otherwise  typical  cells  in  the  side  walls  of  the 
channels  remain  without  explanation.  The  granules  which  they  produce  are  ap- 
parently some  type  of  secretion  showing  similarities  to  mucus,  but  differing  in  the 
details  of  their  formation  and  appearance.  The  cells  are  always  found  in  such  posi- 
tions that  their  secretions  will  be  carried  outward,  away  from  the  surface  of  the  epi- 
thelium, by  the  centripetal  currents  produced  in  the  channels.  It  is  to  be  hoped 
that  further  studies  of  these  cells,  and  of  the  nature  of  their  secretion  product,  will 
clarify  their  functions. 

SUMMARY  AND  CONCLUSIONS 

Studies  on  the  structure  and  functions  of  the  cardiac  stomach  and  its  retractor 
mechanism  reveal  that  the  outer  surface  of  the  stomach  is  provided  with  a  complex, 
specifically  distributed  system  of  tapering,  branching  fibers  of  muscle  and  connective 
tissue,  inserting  ultimately  on  the  muscular  and  connective-tissue  coats  of  the  stom- 
ach wall.  The  origins  of  these  fibers  are  from  5  band-like  nodules,  the  points  of 
attachment  to  the  stomach  of  the  paired  retractor  strands  in  the  arms.  These 
strands,  the  extrinsic  parts  of  the  retractor  system,  form  the  upper  borders  of  tri- 
angular, mesentery-like  sheets  which  bind  them  to  the  ambulacral  ossicles  through- 
out their  length.  The  extrinsic  parts,  as  reported  by  many  early  investigators,  con- 
sist chiefly  of  collagenous  fibers  and  contain  very  scanty  musculature  ;  they  appear 
to  move  but  little  in  eversion  or  retraction.  It  is  suggested  that  they  serve  merely 
to  anchor  the  5  nodular  regions  of  the  stomach,  against  which  the  branching  intrinsic 
retractor  fibers  of  the  wall  of  the  stomach  may  stretch  and  pull  at  eversion.  It  is 
further  suggested  that  the  more  significant  aspects  of  retraction  involve  not  the 
apparently  very  slightly  contractile  extrinsic  parts  of  the  system,  but  the  widely 
distributed,  muscular  branches  of  the  intrinsic  mechanism.  This  interpretation  is 
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not  in  accordance  with  that  of  modern  authors,  who  refer  to  the  extrinsic  strands 
as  retractor  muscles  and  disregard  the  intrinsic  parts  of  the  system  completely.  A 
brief  summary  of  the  development  of  this  narrow  emphasis  is  presented. 

The  terminal  branches  of  the  intrinsic  fibers  form  patterns  coinciding  with  a 
series  of  branching  systems  of  channels  on  the  inner  surface  of  the  stomach.  These 
gutters  open  at  the  line  of  junction  between  stomach  and  esophagus  and  run  up- 
ward, coalescing  to  form  larger  and  broader  channels  higher  in  the  stomach.  The 
bottoms  of  these  channels  are  lined  by  typical,  non-specialized,  tall  epithelial  cells, 
each  with  a  small,  ovoid  nucleus  and  bearing  a  single  flagellum.  The  ridges  be- 
tween adjacent  grooves  are  covered  by  specialized  cells,  each  with  a  long,  spindle- 
shaped  nucleus  and  bearing  from  two  to  six  flagella.  It  is  not  unlikely  that,  as 
Smith  has  suggested,  these  cells  represent  sensory  receptor  elements.  They  are 
localized  in  a  part  of  the  stomach  which,  not  itself  strongly  everted  into  the  vesicles, 
forms  the  lining  of  the  narrow  gullet  through  which  all  ingested  food  must  pass. 
Similar  cells  are  found  in  the  lining  of  the  esophagus,  which  appears  to  form  the 
major  share  of  the  vesicles  of  the  everted  stomach.  The  specialized  cells  are  not 
found  in  the  stomach  above  the  lower  parts  of  the  channel  systems. 

Although  the  currents  maintained  over  the  lining  of  the  stomach  generally  sweep 
from  mouth  to  anus,  within  the  gutter  patterns  the  flagella  whisk  particles  not  up- 
ward, but  outward  into  the  lumen.  Certain  secretory  cells  localized  on  the  walls 
of  the  gutters  may  contribute  their  secretions  to  these  centripetal  currents ;  their 
function  is  unknown. 

Acetylcholine  and  adrenalin  act  antagonistically  in  controlling  the  opening  and 
closing  of  the  mouth.  Acetylcholine  opens  the  mouth  by  causing  contraction  of  the 
longitudinal  (radial)  musculature  of  the  peristome  and  esophagus;  adrenalin  re- 
verses this  action  by  bringing  the  circular  muscles  into  contraction.  It  is  tenta- 
tively suggested  that  these  effects  may  reflect  reciprocal  innervation  of  these  mus- 
cular layers  from  different  components  of  the  circumoral  nerve  ring.  No  action  of 
chemical  mediators  has  been  demonstrated  on  the  elements  of  the  retractor  systems, 
extrinsic  or  intrinsic. 
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THE  RHYTHMIC  ACTIVITY  OF  THE  QUAHOG, 
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FICATION BY  LIGHT  l-  - 

MIRIAM  F.  BENNETT  a 

Department  of  Biological  Sciences,  Northwestern   University,  Evanston,  111., 
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The  correlation  of  activities  of  animals  in  their  natural  environments  with  spe- 
cific times  of  day,  tide,  and  phases  of  the  moon  is  an  often-observed  phenomenon. 
Also,  it  is  a  well-established  fact  that  some  of  these  activities,  especially  those  cor- 
related with  the  day-night  cycle,  persist  even  after  the  organism  has  been  placed 
under  conditions  in  which  all  factors  known  to  stimulate  the  organism  are  kept  con- 
stant (see  reviews:  Welsh,  1938;  Park.  1940;  Kleitman.  1949;  and  Webb,  1950). 
The  cycles  of  activity  which  continue  unaltered  under  constant  conditions  have  been 
spoken  of  as  endogenous  or  persistent  rhythms  as  opposed  to  exogenous  ones  which 
continue  only  while  the  particular  activating  stimuli  are  being  received  by  the  or- 
ganism. It  has  been  suggested  very  strongly  that  the  so-called  endogenous  rhythms 
are  dependent  on  highly  stable,  inherent,  physiological  mechanisms  or  "internal 
clocks."  However,  the  possibility  that  the  animals  that  display  persistent  cycles 
of  activity  are  actually  reacting  to  some  cyclically  occurring  physical  forces  of  the 
external  environment,  in  a  manner  not  yet  determined,  has  also  been  postulated 
by  investigators. 

Early  in  the  present  century,  persisting  or  endogenous  tidal  cycles  of  activity 
were  reported  for  certain  marine  animals.  These  papers  have  been  reviewed  by 
Brown,  Fingerman,  Sandeen  and  Webb  (1953)  who  have  demonstrated  the  exist- 
ence of  a  persisting  tidal  rhythm  superimposed  upon  the  diurnal  rhythm  of  color 
change  in  the  fiddler  crab,  Uca  pngna.r.  Moreover,  these  investigators  have  shown 
that  in  these  crabs  a  semi-lunar  or  14.8-day  cycle  of  color  change  is  the  result  of  the 
precise  relationship  between  the  diurnal  and  tidal  rhythms.  More  recent  work  il- 
lustrates that  the  rates  of  O2-consumption  of  these  crabs  also  reflect  the  presence 
of  these  rhythms  (Brown,  Bennett  and  Webb,  1954).  Here  it  was  found  that  the 
rate  of  O,-consumption  was  generally  greatest,  other  factors  being  equal,  one  to  two 
hours  before  the  times  of  low  tides  in  the  area  from  which  the  animals  were  col- 
lected. Again,  it  was  clearly  evident  that  the  systematic  moving  of  the  tidal  influ- 
ence relative  to  the  diurnal  one  produced  characteristic  patterns  of  O2-consumption 
which  recurred  about  every  15  days,  or  once  every  semi-lunar  period.  There  was 

1  This  investigation  was  supported  in  part  by  contract  NONR-09703  between  the  Office  of 
Xaval  Research  and  Dr.  Frank  A.  Brown,  Jr. 

2  This  investigation  is  a  portion  of  a  dissertation  submitted  in  partial  fulfillment  of  the  re- 
quirements for  the  Ph.D.  degree   in  biology  at   Northwestern   University  in  June,   1954.     Tin- 
author  wishes  to  express  her  sincere  appreciation  to  Dr.  Frank  A.   Brown,  Jr.,  for  his  advice 
and  helpful  criticism  during  the  course  of  this  investigation  and  preparation  of  the  manuscript. 

3  Present  address:   Department   of   Biology,   Sweet    I'.riar   College,    Sweet   Briar,   Virginia. 
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also  a  suggestion  in  the  results  of  these  studies  that  another  cycle  of  CX-consumption, 
a  lunar  or  29-day  one,  was  present  for  this  species. 

The  O, -consumption  rates  of  certain  of  the  marine  molluscs  have  also  been  cor- 
related with  environmental  factors.  Patella.  Mytilus,  and  Haliotis  were  reported 
to  have  persisting  rhythms  of  O  ..-consumption  under  laboratory  conditions  (Com- 
pel, 1937  ).  Although  the  hourly  data  of  these  studies  varied  considerably,  the  high- 
est rates  of  O,-consumption  were  generally  apparent  about  the  times  of  high  tides 
and  lower  rates  were  recorded  at  the  times  of  low  tides.  More  spectacular  rhythms 
of  Oo-consumption  are  described  by  Sandeen,  Stephens  and  Brown  (1954)  for  the 
marine  gastropods,  Littorina  littorca  and  Urosalpinx  cinereus. 

Other  molluscs  exhibit  tidal  rhythms  of  motor  activity  when  maintained  under 
constant  conditions.  Bohn  ( 1904)  reported  that  Littorina  ritdis  became  active  at 
15-day  intervals  in  the  laboratory.  In  its  natural  habitat  this  snail  is  covered  by 
water  only  during  the  semi-lunar  high,  high  tides  which  normally  occur  about  every 
15  days.  A  persistent  rhythm  of  locomotory  activity  related  to  the  tides  is  dis- 
played by  Nassa  obsoleta  (Stephens,  Sandeen  and  Webb,  1953).  Also,  the  filtering 
rate  of  species  of  Mytilus,  using  colloidal  graphite,  varies  rhythmically  in  phase 
with  the  tidal  cycles  in  the  area  from  which  the  mussels  were  collected  (Rao,  1954). 

Some  of  the  characteristics  of  these  persistent  rhythms  have  been  elucidated  by 
various  experimental  procedures  of  which  light  and  temperature  modifications  have 
been  employed  most  often.  The  effects  of  changes  in  light  on  the  diurnal  rhythm 
of  color  change  for  fiddler  crabs  are  discussed  by  Brown  and  Webb  (1949),  Webb 
(1950),  Brown  and  Hines  (1952).  and  Brown,  Fingerman  and  Hines  (1954). 
Brown  and  Stephens  (1951)  have  reported  modifications  of  this  cycle  which  were 
induced  by  photoperiod.  The  only  paper  to  date  which  describes  the  experimental 
modification  of  a  tidal  rhythm  by  changes  in  illumination  is  that  of  Brown,  Finger- 
•nan,  Sandeen  and  Webb  (1953).  These  investigators  found  that  when  the  diurnal 
color  change  rhythm  for  Uca  pugna.v  is  shifted  by  an  appropriate  light  stimulus,  the 
tidal  rhythm  is  shifted  correspondingly.  Temperature  studies  have  demonstrated 
that  the  frequencies  of  both  the  diurnal  and  tidal  rhythms  of  color  change  for  Uca 
are  temperature-independent  over  fairly  great  ranges,  at  least  6°  C.  to  26°  C.  for 
the  diurnal  cycle  (Brown  and  Webb,  1948),  and  at  least  13°  C.  to  30°  C.  for  the 
tidal  cycle  (Brown,  Webb,  Bennett  and  Sandeen,  1954).  The  tidal  cycle  of  pump- 
ing for  M \tilns  is  independent  of  temperature  in  the  range  9°  C.  to  20°  C.  (Rao, 
1954). 

The  remarkable  stability  of  the  so-called  endogenous  rhythms  has  supported  the 
hypothesis  that  the  possession  of  these  cycles  is  of  adaptive  significance  for  these 
animals.  Thus,  they  are  able  to  anticipate  the  time  of  day  or  tide,  or  phases  of  the 
moon.  Organisms  whose  feeding  activity  and/or  breeding  periods  seem  to  be  cor- 
related with  specific  times  in  these  cosmic  cycles  would  appear  to  be  likely  subjects 
for  the  study  of  biological  rhythms. 

Korringa  (1947)  was  able  to  show  that  the  time  of  spawning  of  oysters  and 
several  other  lamellibranchs  exhibits  a  lunar  periodicity.  The  results  of  studies  on 
oysters  (Korringa,  1952)  and  quahogs  (Loosanoff,  1939)  in  their  natural  habitats, 
however,  have  been  interpreted  as  indicating  that  these  animals  do  not  display  any 
persisting  activity  correlated  with  the  time  of  day  or  tide. 

Tt  was  the  purpose  of  the  present  study,  therefore,  to  determine  whether  or  not 
the  common  quahog,  Venus  mercenaria,  an  animal  of  the  intertidal  zone  and  shallow 
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water,  exhibits  activity  cycles  under  constant  laboratory  conditions.  The  activity 
rhythms  that  were  observed  have  been  related  to  the  day-night  cycle,  to  the  phases 
of  the  tidal  cycles,  and  hence  to  lunar  periodicity.  Also,  an  attempt  was  made  to 
modify  the  character,  or  phase  relationships  to  time  of  day,  of  the  cycles  of  activity 
by  light  changes. 

MATERIAL  AND  METHODS 

The  activities  of  three  groups  of  quahogs  were  studied  in  Evanston,  Illinois, 
during  the  winter  and  spring  of  1953.  They  were  obtained  from  a  local  fish  market, 
and  had  been  collected  originally  in  the  Chesapeake  Bay  region  of  Virginia.  A 
fourth  group  was  studied  during  June,  1953 ;  these  were  clams  which  had  been 
collected  in  Little  Harbor,  Woods  Hole,  Massachusetts.  In  December,  1953,  the 
activities  of  two  more  groups  of  quahogs  were  studied  concurrently  in  an  attempt 
to  ascertain  the  effects  of  light  changes  on  the  persistent  cycles  of  activity.  These 
animals  again  were  obtained  from  a  local  market  in  Evanston,  and  had  been  col- 
lected in  Virginia. 

All  the  clams  used  for  the  activity  studies  were  adults.  There  were  eight  to 
ten  animals  in  each  group ;  additional  clams,  which  were  obtained  at  the  same  time 
as  those  whose  activity  was  being  recorded,  were  kept  under  the  same  conditions  as 
those  that  were  being  studied.  In  the  event  that  a  clam  died,  one  of  the  additional 
animals  was  substituted,  and  the  activity  records  of  the  original  animal  were  dis- 
carded. Over  the  course  of  the  observations,  the  mortality  rate  was  very  low.  The 
great  majority  of  the  quahogs  were  in  good  condition  even  after  having  been  in  the 
laboratory  for  as  long  as  four  weeks. 

The  quahogs  were  placed  in  finger  bowls  containing  sea-water  which  was 
changed  at  irregular  intervals  so  that  any  observed  rhythms  could  not  be  attributed 
to  a  regular  time  of  water  change.  During  the  course  of  the  study  of  the  first  four 
groups,  the  illumination  at  the  surface  of  the  water,  as  measured  with  a  Weston 
photometer,  was  constant  at  approximately  2  ft.  c.  The  source  of  illumination  was 
fluorescent  lights.  The  temperature  of  the  water  varied  irregularly  between  20°  C. 
and  22°  C. 

Steel  wires  were  bent  to  fit  snugly  over  one  of  the  valves  of  each  animal  from 
umbo  to  ventral  edge.  To  these  wires  were  tied  threads  which,  in  turn,  were  con- 
nected to  sensitive  heart  levers  or  to  the  levers  of  the  automatic  recording  spring 
scales  described  by  Brown  (1954).  These  levers  recorded  the  opening  and  closing 
movements  of  the  clams  continuously  on  slow  kymographs  for  periods  of  two  to 
three  weeks. 

The  daily  record  of  each  clam  was  analyzed  by  determining  the  times  of  opening 
and  closing  and  the  duration  of  the  period  open  or  active.  The  results  obtained 
from  the  eight  to  ten  animals  of  a  group  were  averaged  to  obtain  values  for  the  total 
amount  of  time  open  per  day.  The  time  open  was  plotted  against  the  days. 

The  following  procedure  was  followed  in  the  study  of  the  effects  of  changes  of 
illumination  on  the  rhythms.  One  group  of  animals,  the  control  group,  was  main- 
tained under  constant  illumination  of  2  ft.  c.  The  experimental  group  was  kept 
in  a  photographic  dark  room.  For  five  consecutive  nights  (8  P.M.  to  8  A.M.)  this 
group  was  exposed  to  fluorescent  lights  providing  an  intensity  of  100  ft.  c.  During 
the  day  (8  A.M.  to  8  P.M.)  they  were  kept  in  darkness.  From  8  P.M.  of  the  last 
day  of  darkness  until  the  end  of  the  experimental  period,  they  were  maintained  at 
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an  illumination  of  2  ft.  c.  During  the  three-week  period,  the  temperatures  of  the 
two  rooms  in  which  the  clams  were  kept  were  recorded  continuously  on  Taylor  ther- 
mographs, and  were  seen  to  fluctuate  between  20°  C.  and  22°  C.  The  records  for 
these  animals  were  analyzed  as  were  those  for  the  clams  of  the  first  four  groups. 
However,  the  average  values  for  three  consecutive  days  were  averaged  and  this 
average  used  as  the  value  for  the  second  of  the  three  days,  e.g.,  the  figures  for  De- 
cember 4,  5,  and  6  were  averaged  and  the  resulting  value  used  as  the  time  open  for 
December  5.  Such  procedure  was  used  to  obtain  the  relationship  illustrated  in 
Figure  5,  and  was  thought  to  render  the  comparisons  between  the  experimental  and 
control  curves  more  significant. 

The  form  of  the  average  diurnal  curve  for  each  group  was  ascertained  by  aver- 
aging the  times  open  or  active  for  each  of  the  24  daily,  one-hour  periods  of  15  con- 
secutive days.  These  24  values  were  converted  further  to  the  percentage  of  60 
minutes  open  or  active.  All  phases  of  a  possible  tidal  influence  are  represented  in 
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FIGURE  1.     The  long-term  cycles  of  activity  for  group  1    (open  circles)    and  group  2    (black 
circles)  which  were  studied  in  Evanston,  111.     For  explanation  of  A,  B,  and  C,  see  text. 

each  of  the  values,  and  are  thereby  randomized  since  data  for  15  days  were  used. 
In  the  cases  in  which  the  particular  observational  period  was  longer  than  15  days, 
a  15-day  period  was  arbitrarily  selected,  usually  from  the  middle  of  the  period. 

Conversely,  the  diurnal  rhythm  was  rendered  random  to  reveal  the  character  of 
the  tidal  rhythm  in  the  following  manner.  The  values  for  activity  of  the  24  daily, 
one-hour  periods  for  each  of  15  successive  days  were  moved  backwards  at  an  average 
rate  of  50  minutes  a  day,  i.e.,  on  succeeding  days  later  one-hour  periods  became 
aligned  with  earlier  ones.  By  this  means  any  possible  tidal  cycles  were  kept  in 
phase  with  one  another  in  the  vertical  columns  of  data.  By  continuing  this  process, 
repeating  with  the  data  of  the  first  14  days  until  a  total  of  29  days  had  been  included, 
every  phase  of  a  diurnal  influence  was  moved  across  the  whole  24-hour  period. 
Again,  each  of  the  24  values  has  been  expressed  as  the  percentage  of  60  minutes 
active  or  open.  In  Figure  4  the  percentage  of  each  hour  open  was  plotted  against 
time  in  hours  in  such  a  manner  that  the  first  minimal  point  fell  between  the  sixth 
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and  seventh  hours.  This  procedure  was  obviously  perfectly  legitimate  since  the 
points  on  the  abscissa  merely  indicated  consecutive  hourly  periods,  and  do  not  rep- 
re^ent  actual  times  of  any  given  day. 

RESULTS 

1.  The  studies  of  animals  maintained  under  constant  conditions 
A.  The  long-cycle  rhythm 

The  average  time  open  in  minutes  per  day  was  determined  for  each  group  of 
(juahogs.  Long-cycle  rhythms  of  activity  were  rendered  clearly  evident  by  plotting 
the  time  open  (ordinate)  against  the  date  (abscissa).  These  cycles  of  activity  for 
the  four  groups  of  animals  are  illustrated  in  Figures  1  and  2.  It  can  be  seen  in  the 
curve  for  groups  1  and  2  (Fig.  1)  that  major  peaks  of  activity  occur  about  29  days 
apart  and  a  minor  peak  occurs  about  half  way  between.  The  curve  for  group  3  (  Fig. 
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FIGURE  2.  The  long-term  cycle  of  activity  for  group  3  (A)  which  was  studied  in  Evanston. 
111.,  and  that  for  group  4  (B)  which  was  studied  in  Woods  Hole,  Mass.  For  explanation  of 
D  and  E,  see  text. 

2A)  and  for  group  4  (Fig.  2B )  show  the  minor  peaks  of  a  cycle  with  periods  of 
lower  activity  on  either  side.  It  is  also  evident  that  the  curve  for  group  3  can  be 
superimposed  on  those  for  groups  1  and  2  from  points  A  to  C  in  Figure  1.  Further- 
more, the  curve  for  group  4  simulates  those  for  groups  1  and  2  from  points  B  to  C 
in  Figure  1,  and  also  that  for  group  3  from  D  to  E  in  Figure  2 A. 

It  was  thought  that  the  clams  in  each  of  the  first  three  groups  were  probably  in 
synchrony  with  one  another  since  they  were  reported  to  have  been  collected  in  the 
same  area  of  the  Virginia  coast.  Examination  of  the  activity  records  of  the  indi- 
vidual animals  of  a  single  group  supports  this  assumption.  Within  a  group,  all  the 
individuals  have  their  maxima  and  minima  occurring  within  a  particular  48-hour  pe- 
riod. In  group  4,  the  variation  is  even  less.  With  the  exception  of  one  animal,  all 
the  latter  showed  their  highest  observed  activity  on  June  17  and  a  secondary  peak  of 
activity  on  June  24.  All  the  clams  of  this  group  had  their  lowest  observed  activity 
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from  about  June  27  to  June  29,  correlated  with  the  time  of  the  semi-lunar  low,  low 
tides  in  Little  Harbor. 

B.  The  diurnal  rhythms 

The  diurnal  rhythms  for  the  four  groups  of  animals  are  shown  in  Figure  3.  The 
average  percentage  of  an  hour  open  for  each  of  the  24-hour  periods  was  plotted 
against  the  time  of  day  in  Eastern  Daylight  Time,  so  that  the  cycles  of  the  Evanston 
and  Woods  Hole  groups  could  be  compared  directly. 

Most  evident  in  the  curves  of  the  diurnal  rhythms  are  the  facts  that  in  all  the 
groups,  the  maximal  activity  occurred  in  the  afternoon,  and  that  activity  reached  a 
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FIGURE  3.  The  diurnal  rhythms  of  activity  for  the  four  groups  of  animals  that  were  studied 
under  constant  conditions.  Group  1  (open  circles  with  solid  lines),  group  2  (black  circles  with 
solid  lines),  group  3  (black  and  open  circles  with  solid  lines),  and  group  4  (open  circles  with 
broken  lines). 


low  point  during  the  morning  hours.  The  afternoon  maximum  was  recorded  be- 
tween 5  and  9  P.M.,  3  and  4  P.M.,  2  and  4  P.M.,  and  5  and  6  P.M.,  for  groups  1,  2,  3, 
and  4,  respectively.  In  groups  1,  2,  and  3,  the  morning  minimum  occurred  be- 
tween 9  and  10  A.M.  whereas  in  group  4,  the  time  of  minimal  activity  extended  from 
2  to  6  A.M. 

The  diurnal  rhythm  of  group  3  is  striking  in  that  a  relatively  long  period  of  low 
activity  is  apparent  between  7  P.M.  and  midnight  whereas  in  groups  1,  2,  and  4  the 
activity  fell  gradually  from  the  afternoon  highs  during  a  comparable  period  of  time. 
All  groups  of  clams  also  had  a  minor  peak  of  activity  during  the  morning  hours.  In 
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the  first  three  groups  these  peaks  were  between  4  and  5  A.M.,  3  and  6  A.M.,  and  2 
and  4  A.M.,  respectively.  The  morning  maximum  in  group  4  did  not  occur  until  8 
A.M.  although  the  morning  low  occurred  earlier,  i.e.,  between  2  and  6  A.M.,  than  in 
the  other  groups.  The  minor  peak  of  the  morning  occurred  about  12  hours  before 
the  diurnal  maximum  in  all  the  groups,  except  group  4. 

C.  The  tidal  rhythms 

The  tidal  rhythms  of  activity,  analyzed  as  described  earlier,  are  illustrated  in 
Figure  4.  Two  periods  of  lower  activity  are  evident  in  each  of  these  curves.  These 
two  periods  of  each  curve  are  about  12  hours  apart,  thereby  approximately  reflecting 
the  normal  frequencies  of  the  tides  of  the  Atlantic  coast.  Also  to  be  noted  is  the  fact 
that  the  low  points  of  the  curve  for  group  4  occur  near  the  time  of  low  tides  in  the 
area  of  collection.  This  was  the  only  group  for  which  correlations  could  be  made 
between  actual  tidal  events  and  phases  of  the  activity  cycles.  Since  in  rendering  the 
diurnal  cycles  random  in  order  to  ascertain  the  tidal  cycles,  the  successive  tidal  cycles 
were  brought  into  phase  with  the  tidal  cycle  of  June  17,  1953,  tidal  conditions  on  this 
day  are  the  ones  which  should  be  correlated  with  the  resulting  tidal  curve.  When 
the  points  were  moved  so  that  the  first  minimum  came  to  lie  between  hours  6  and  7, 
the  indicated  times  of  the  low  tides  were  moved  correspondingly. 
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i.  4.  The  tidal  rhythms  of  activity  for  the  four  groups  of  animals  that  were  studied 
under  constant  conditions.  Group  1  (open  circles  with  solid  lines),  group  2  (black  circles 
with  solid  lines),  group  3  (black  and  open  circles  with  solid  lines),  and  group  4  (open  circles 
with  broken  lines).  Note  that  the  two  periods  of  low  activity  for  group  4  were  near  the  times 
of  low  tide  as  indicated  by  the  arrou-. 
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FIGURE  5.  The  long-term  cycles  of  activity  for  the  group  of  clams  that  was  exposed  to  an 
illumination  of  100  ft.  c.  by  night  and  darkness  by  day  for  five  consecutive  days  (broken  lines) 
and  for  its  control  group  that  was  maintained  under  constant  laboratory  conditions  (solid  lines). 


The  particular  method  used  in  determining  the  general  character  of  the  tidal  cycle 
does  not  permit  demonstrating  precisely  the  expected  12.4-hour  character  of  the  tidal 
cycles.  The  curve  for  group  1  does  show  two  minima  occurring  13  hours  apart 
while  that  for  group  2  has  low  points  10  hours  apart,  group  3  11.5  hours  apart,  and 
group  4  14.5  hours  apart.  The  average  obtained,  therefore,  was  12.25  hours  for  the 
four  series. 

The  amplitude  of  the  four  cycles  also  differs  from  one  to  another.  That  for 
group  1  has  the  greatest  amplitude,  an  increase  of  108%  from  lows  to  highs,  while 
the  other  three  increased  only  27%  to  32%  from  low  points  to  high  ones.  Another 
interesting  point  evident  in  the  curves  of  the  tidal  cycles  is  that  in  all  of  them  one 
of  the  two  periods  of  increased  activity  shows  two  peaks  of  relatively  high  activity 
separated  by  two  to  three  hours  of  relatively  low  activity. 

The  shapes  of  the  tidal  curves  for  groups  1,  2,  and  3  are  similar  to  that  illus- 
trated for  group  4  for  which  correlations  with  actual  tidal  phases  could  be  made. 
Therefore,  it  would  be  reasonable  to  predict  tidal  events  in  the  habitats  of  groups 
1,  2,  and  3,  since  the  phases  of  the  persistent  tidal  cycle  probably  always  bear  corre- 
sponding relationships  to  the  times  of  tides  in  the  native  habitat. 
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//.  The  effects  oj  reversed  illumination  on  the  activity  cycles 

The  effects  of  reversed  illumination,  i.e.,  100  ft.  c.  from  8  P.M.  to  8  A.M.  and 
darknes.s  from  8  A.M.  to  8  P.M.  for  five  days,  on  the  long-cycle  activity  are  presented 
in  Figure  5.  By  comparing  the  curves  for  the  experimental  group  and  its  control, 
it  appears  that  the  illumination  changes  effected  an  over-all  lower  activity  for  the 
treated  group.  The  average  time  open  per  day  for  the  20-day  observational  period 
is  574  minutes  for  the  controls  and  only  432  minutes,  or  about  25%  less,  for  the 
experimental  group. 
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FIGURE  6.  The  diurnal  cycles  of  activity  for  the  group  of  clams  that  was  exposed  to  re- 
versed illumination  (broken  lines)  and  for  its  control  (solid  lines).  The  cycle  for  the  experi- 
mental group  appears  to  have  been  shifted  one  hour  to  the  left  or  earlier  when  compared  to  that 
for  the  control  group. 

A  change  in  the  temporal  relationships  of  the  curve  for  the  experimental  group 
^  also  evident  in  Figure  5.  This  shift  can  be  seen  best  by  comparing  the  high  point 
ot  I  Jeccmber  6  on  the  control  curve  with  a  comparable  high  on  December  10  on  the 
experimental  one.  Low  points  also  occurred  four  days  apart,  i.e.,  on  December  13 
for  the  controls  and  on  December  17  for  the  treated  animals. 

Tin  general  form  of  the  long-term  cycle  of  the  control  group,  as  well  as  that 
of  the  experimental  group,  was  seen  to  be  similar  to  the  general  form  of  the  long- 
term  cycle-  oi"  activity  that  were  found  for  the  first  four  groups  of  quahogs  (Figs. 
1  and  2).  It  iv  probable  that  the  portion  of  the  cycle  from  December  13  through 
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December  19  of  the  control  curve  (Fig.  5)  represents  a  minor  peak  which  corre- 
sponds to  that  of  groups  1  and  2  between  February  18  and  24  (Fig.  1 ),  to  that  of 
group  3  from  April  11  through  17  (Fig.  2A),  and  that  of  group  4  from  June  22 
through  28  (Fig.  2B).  It  seems  highly  probable  that  the  points  on  the  control 
curve  (Fig.  5)  prior  to  December  13  represent  the  descent  from  a  major  peak. 
If  this  is  true,  a  major  peak  would  have  occurred  15  days  earlier  or  about  December 
1.  A  high  value  recorded  for  December  1  supports  this  view.  However,  this  was 
the  first  day  that  the  quahogs  were  in  the  laboratory  and  therefore  the  value  was 
not  incorporated  in  the  figure. 

The  diurnal  rhythms  for  the  two  December  groups  were  strikingly  similar  to 
one  another  (Fig.  6).  Again,  the  greater  activity  of  the  control  animals  is  evident 
in  this  figure,  and  it  is  seen  that  the  larger  part  of  this  higher  activity  is  contributed 
by  a  greater  diurnal  maximum.  The  curve  for  the  experimental  group  shows 
merely  a  slight  shift  in  temporal  characteristics  when  it  is  compared  with  the  control 
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FIGURE  7.     The  tidal  cycles  of  activity  for  the  group  of  animals  exposed  to  reversed  illumination 
(broken  line)   and  for  the  group  of  its  controls   (solid  lines). 

cycle.  The  diurnal  maximum  for  the  experimental  group  occurred  one  hour  earlier 
than  that  for  the  controls,  and  the  diurnal  minimum  lasted  for  two  hours  (3  to  5 
A.M.)  in  this  former  group  as  opposed  to  one  hour  (4  to  5  A.M.  )  in  the  latter,  simi- 
larly indicating  a  small  shift  to  an  earlier  time. 

A  comparison  of  the  24-hour  cycles  of  the  two  December  groups  with  those  of 
the  four  groups  that  were  studied  earlier  in  the  year  (Fig.  3)  shows  that  there  are 
certain  likenesses  in  form,  although  the  temporal  aspects  of  the  curves  differ.  The 
most  obvious  difference  is  that  the  diurnal  maximum  for  the  December  groups  oc- 
curred just  before  and  just  after  noon  whereas  the  other  curves  had  maxima  later 
in  the  afternoon.  The  morning  minimum  for  the  December  groups  was  also  earlier, 
i.e.,  between  3  and  5  A.M.,  as  were  the  minor  peaks  of  the  morning  which  occurred 
immediately  after  midnight.  The  period  between  the  minor  and  major  peaks, 
however,  was  again  12  hours  as  in  groups  1,  2,  and  3. 

The  tidal  cycles  of  the  December  groups  (Fig.  7)  are  also  similar  to  those  of 
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the  earlier  groups  (Fig.  4).  The  two  minima  are  separated  by  about  12  hours 
and  one  of  the  prolonged  periods  of  increased  activity  is  characterized  by  one  or 
two  hours  of  relatively  low  activity  between  periods  of  higher  activity. 

It  is  clearly  apparent  that  the  tidal  cycle  for  the  group  of  clams  that  was  exposed 
to  five  periods  of  reversed  illumination  was  shifted  in  time  relative  to  that  for  the 
control  group  (Fig.  7).  Each  of  the  two  minima  of  the  experimental  curve  oc- 
curred about  five  hours  later  than  the  comparable  lows  of  the  control  group.  Again, 
in  this  figure,  the  lower  average  activity  of  the  experimental  animals  is  evident. 

DISCUSSION 

The  evidence  at  hand  supports  the  assumption  that  the  long-cycle  rhythms  illus- 
trated in  Figures  1,  2,  and  5  are  actually  lunar  cycles  or  parts  thereof.  The  curve 
drawn  between  points  contributed  by  groups  1  and  2  shows  almost  exact  lunar  pe- 
riodicity ;  the  maxima  are  29  days  apart  and  the  minor  peak  occurs  halfway  between 
the  two  major  ones.  The  time  to  minimal  activity  following  the  minor  peak  of 
February  21  and  preceding  the  minor  peak  of  March  7  (Fig.  1)  appears  shorter 
than  the  comparable  times  for  groups  3  and  4  (Fig.  2).  Since,  however,  the  over- 
all activity  for  the  clams  of  group  2  was  greater  than  that  for  those  in  group  1,  it 
is  suggested  that  the  point  for  February  25  really  constitutes  that  of  minimal  ac- 
tivity. On  this  basis,  the  time  for  passage  from  the  lesser  maximum  to  the  mini- 
mum would  be  three  to  four  days  in  every  instance. 

It  was  first  thought  that  the  clams  of  group  3  might  have  been  collected  from 
the  same  region  of  Chesapeake  Bay  as  those  of  groups  1  and  2.  If  these  three 
groups  of  animals  were  in  tidal,  and  consequently  in  lunar  synchrony  a  major  peak 
of  activity  would  be  expected  to  have  occurred  about  April  5  and  a  minor  one  about 
April  20.  It  is  seen  from  inspection  of  Figure  2A  that  this  is  not  the  case,  but 
rather  an  apparent  decline  from  high  activity  characterizes  the  cycle  about  April  5 
and  a  minor  peak  appears  on  April  14. 

Several  explanations  for  this  diversity  are  plausible.  It  is  very  probable  that 
the  animals  of  group  3  had  been  collected  from  an  area  of  Chesapeake  Bay  in  which 
the  times  of  tides  differ  from  those  in  the  region  from  which  the  clams  of  groups 
1  and  2  had  been  obtained.  The  times  of  tides  in  different  parts  of  Chesapeake 
Bay  vary  quite  considerably  because  of  the  topography  of  this  area.  Secondly, 
it  is  possible  that  all  these  animals  were  collected  in  the  same  region  but  that  the 
rhythms  for  group  3  were  put  out  of  phase  by  light,  temperature,  or  some  other 
stimulus  to  which  the  clams  were  subjected  during  shipment  from  the  Atlantic  coast 
to  Evanston. 

No  correlations  between  the  phases  of  the  tidal  cycle  for  group  3  and  actual  tidal 
events  could  be  made.  Therefore,  it  is  impossible  to  know  whether  or  not  the 
phases  of  this  tidal  rhythm  were  shifted.  Also,  the  diurnal  cycle  of  activity  for 
group  3  did  not  differ  basically  from  those  for  groups  1  and  2.  Unpublished  obser- 
vations suggest  that  for  fiddler  crabs,  the  persistent  diurnal  and  tidal  rhythms,  the 
summation  of  which  determines  the  phases  of  the  long-cycle  rhythms,  are  shifted 
together  by  temperatures  that  approach  freezing.  This  is  also  true  of  the  cycles 
for  fiddliT  crabs  that  are  shifted  by  exposure  to  an  illumination  of  high  intensity 
(Brown,  Fingerman,  Sandeen  and  Webb,  1953).  Nevertheless,  the  data  on  the 
effects  of  changes  in  illumination  on  the  rhythms  for  quahogs,  reported  in  the  present 
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paper,  appear  to  indicate  that  the  diurnal  and  tidal  cycles  were  affected  differentially 
by  this  treatment. 

It  was  seen  that  the  period  of  minimal  activity  for  group  4  was  correlated 
roughly  with  the  semi-lunar  low,  low  tides  which  occurred  just  after  the  full  moon 
of  June  26.  It  was  therefore  thought  that  the  long-cycle  rhythms  for  the  other 
groups  also  might  be  correlated  directly  with  phases  of  the  moon.  This  does  not 
seem  to  be  the  case,  however,  since  a  full  moon  occurred  on  February  28,  1953,  or 
about  seven  days  after  a  minor  peak  for  group  1,  on  March  28,  1953,  or  about  two 
weeks  before  a  minor  peak  for  group  3,  on  June  26,  or  two  days  after  a  minor  peak 
for  group  4,  and  on  December  20,  or  about  four  days  after  a  minor  peak  for  the 
group  of  clams  that  served  as  controls  in  the  experiment  on  effects  of  reversed 
illumination.  These  facts  suggest  that  it  is  the  time  of  the  local  tides  which  deter- 
mines the  phase  relationships  of  the  semi-lunar  and  lunar  cycles  rather  than  a  more 
direct  lunar  influence.  This  hypothesis  is  supported  by  results  of  the  study  of  the 
tidal  rhythms  of  color  change  for  Uca  (Brown,  Fingerman,  Sandeen  and  Webb, 
1953),  which  demonstrated  that  the  cycles  of  crabs  that  inhabit  areas,  the  tidal  times 
of  which  differed  by  about  four  hours  although  located  in  the  same  geographical 
region,  were  correspondingly  four  hours  out  of  phase  with  one  another.  Therefore, 
the  phases  of  the  long-term  cycles  for  quahogs  that  live  in  areas  of  Chesapeake  Bay 
which  differ  in  times  of  tides  would  likewise  differ  from  one  another,  although  all 
the  animals  would  be  exposed  to  the  same  phases  of  the  moon  at  the  same  times. 

The  similarity  of  the  curve  for  the  tidal  cycle  for  group  4  to  those  for  groups 
1,  2,  3,  and  the  group  that  served  as  controls  in  the  illumination  experiment,  and 
the  correlation  of  the  phases  of  the  rhythm  of  group  4  with  actual  tidal  events,  sug- 
gest strongly  that  this  same  correlation  could  be  made  for  the  latter  groups  if  the 
exact  data  on  tides  were  available.  All  the  groups  showed  diurnal  cycles  of  activity. 
The  investigation  by  Brown,  Fingerman,  Sandeen  and  Webb  (1953)  proved  con- 
clusively that  the  presence  of  both  persistent  tidal  and  diurnal  rhythms  in  the  same 
animal  produces  a  persistent  semi-lunar  rhythm  since  the  tidal  cycle  is  in  the  same 
relationship  with  the  diurnal  cycle  at  14.8-day  intervals. 

If  the  effect  of  alternate  tidal  cycles  on  metabolism  or  activity  differs  quantita- 
tively or  qualitatively  from  that  of  the  intervening  tidal  cycles,  the  tidal  cycles 
would  be  in  a  similar  relationship  with  the  diurnal  cycle  only  at  29.5-day  intervals, 
or  lunar  ones.  This  situation  appears  to  be  true  for  the  long-term  rhythm  of  the 
quahogs,  since  the  alternate  semi-lunar  maxima  are  larger  than  the  intervening  ones. 
The  activity  data  for  only  15  consecutive  days  were  used  in  the  analysis  of  each  of 
the  tidal  rhythms.  Therefore,  when  the  data  for  the  first  14  days  were  repeated  in 
the  analysis,  values  which  included  the  effects  of  both  of  the  daily  tides  were  aver- 
aged, and  any  difference  between  them  was  obscured.  The  tidal  rhythm  of  O2- 
consumption  for  the  snail,  Littorina  littorea  (Sandeen  et  al.,  1954),  was  analyzed 
in  the  same  manner  as  those  reported  in  the  present  paper,  and  it  appears  to  show 
more  clearly  than  those  for  the  groups  of  quahogs  that  the  effects  of  the  alternate 
tidal  cycles  are  not  equivalent. 

At  present,  the  diurnal  cycle  of  activity  of  the  quahogs  cannot  be  characterized 
precisely.  As  has  been  seen,  the  activity  generally  reached  a  maximum  during  the 
afternoon  hours  and  minimal  activity  occurred  during  the  morning  hours.  It  is 
possible  that  the  differences  that  were  seen  among  the  diurnal  rhythms  for  the 
various  groups  reflect  adaptations  of  the  diurnal  activity  to  the  varying  lengths  of 
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daylight  throughout  the  year.  The  cycles  for  groups  that  were  ohserved  during 
March,  April.  June,  and  December  show  indications  that  during  periods  of  shorter 
day-length  the  greater  activity  of  the  clams  occurred  earlier  in  the  day  than  it  did 
during  the  times  of  the  year  when  days  are  longer.  Activities  for  groups  2  and  3 
which  were  observed  in  March  and  April  declined  after  4  P.M.  Group  4,  which 
was  studied  in  June,  showed  an  hour  of  maximal  activity  between  5  and  6  P.M. 
Correspondingly,  the  diurnal  cycle  for  the  controls  for  the  animals  that  were  ex- 
posed to  light  and  dark  and  were  observed  in  December  reached  a  maximum  just 
after  12  noon.  The  activity  decreased  rather  rapidly  after  this  time.  If  this  as- 
sumption is  correct,  it  is  seen  that  the  rhythm  for  group  1  is  not  in  line  with  those 
of  the  other  groups.  Group  1  was  observed  in  February  at  which  time  daylight 
hours  are  fewer  than  in  March  and  April  in  the  northern  hemisphere,  but  its  period 
of  maximal  activity  extended  from  5  P.M.  until  9  P.M. 

The  periods  of  minimal  activity  for  the  different  groups  of  animals  also  show 
some  correlation  with  the  day-length  that  existed  at  the  times  of  observation.  For 
groups  1,  2,  and  3,  which  were  observed  during  the  early  spring,  the  diurnal  lows 
were  recorded  between  9  and  10  A.M.,  at  which  times  the  groups  were  active  0%. 
22%,  and  13%  of  the  hour.  The  period  of  low  activity  for  group  4,  studied  in 
June,  ended  shortly  after  6  A.M.,  and  at  this  time  these  animals  were  active  2S°/( 
of  each  hour  period.  The  cycle  for  the  December  control  group  does  not  fit  into 
this  series.  Here  the  morning  minimum  was  reached  between  4  and  5  A.M.  when 
the  clams  were  open  \6%  of  the  hour.  However,  these  varying  diurnal  rhythms 
may  be  indications  of  an  annual  cycle,  and  yet  not  reflect  day-length  directly. 

The  data  for  the  persistent  diurnal  rhythms  of  CX-consumption  for  marine  snails 
(Sandeen  ct  al.,  1954)  and  for  fiddler  crabs  (Brown,  Bennett  and  Webb,  1954)  sug- 
gest that  the  diurnal  patterns  may  change  slightly  in  accordance  with  day-length. 
In  these  cases,  as  in  the  present  report,  the  animals  were  maintained  under  constant 
laboratory  conditions.  Brown  and  Stephens  (1951)  have  shown  that  the  day-phase 
of  the  diurnal  cycle  of  color  change  for  Uca  can  be  influenced  by  the  length  of  the 
daily  photoperiod  to  which  series  of  crabs  are  exposed.  The  changes  in  this  cycle. 
once  induced,  persisted  after  the  animals  were  placed  in  constant  darkness. 

It  is  interesting  to  note,  once  more,  that  an  earlier  study  of  Venus  inercenoria 
in  its  natural  environment  did  not  yield  any  positive  suggestions  of  rhythmic  activity 
(Loosanoff,  1939).  It  is  possible  that  in  an  organism's  natural  habitat,  charac- 
teristics of  the  basic  persistent  rhythms,  e.g.,  frequency,  form,  and  amplitude,  are 
masked  or  overshadowed  by  varying  external  stimuli  such  as  light,  temperature, 
and  movements  of  the  water.  A  suggestion  that  this  may  be  true  is  found  in  the 
tremendous  increase  in  the  amplitude  of  the  diurnal  rhythm  of  color  change  in  I  rca 
pitynax  after  the  crabs  have  been  brought  from  the  field  and  maintained  in  constant 
darkness  (see  Figure  10,  Brown,  Fingerman,  Sandeen  and  Webb.  1953). 

As  is  true  for  the  persistent  rhythms  for  fiddler  crabs,  those  for  Venus  can  be 
modified  to  some  degree  by  exposing  the  animals  to  alternating  periods  of  darkness 
and  illumination.  It  has  been  shown  that  five  consecutive  days  (8  A.M.  to  8  P.M.) 
of  darkness  with  five  nights  (8  P.M.  to  8  A.M.)  of  illumination  of  100  ft.  c.  effected 
changes  in  the  diurnal,  tidal,  and  long-cycle  rhythms  of  activity  for  a  group  of  clams. 
Whether  or  not  the  apparent  shift  of  the  diurnal  cycle  is  significant  is  difficult  to 
state.  As  discussed  previously,  the  diurnal  rhythms  for  the  different  groups  of  ani- 
mals that  were  observed  varied  to  the  extent  that  a  precise  characterization  of  this 
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rhythm  could  not  be  made.  Furthermore,  it  is  not  known  whether  these  variations 
reflected  adaptations  to  day-length.  Therefore,  the  diurnal  cycles  of  activity  illus- 
trated for  the  experimental  group  and  its  control  (Fig.  6)  may  be  in  phase  with 
one  another.  However,  the  moving  of  both  the  morning  minimum  and  the  after- 
noon maximum  for  the  experimental  group  by  about  the  same  amount  of  time  and 
in  the  same  direction,  i.e.,  one  hour  earlier  than  the  comparable  points  for  the  con- 
trol group,  seems  to  indicate  that  the  phases  of  this  cycle  were  shifted. 

The  effects  of  five  consecutive  days  of  darkness  and  five  nights  of  illumination 
on  the  tidal  and  long-term  cycles  of  activity  can  be  discerned  more  readily.  The 
tidal  rhythm  for  the  experimental  group  seems  to  be  shifted  so  that  the  low  points 
occurred  five  hours  later  than  the  comparable  points  for  the  control  group  (Fig. 
7).  In  other  words,  the  tidal  cycle  of  the  experimental  animals  is  about  five  days 
ahead  of  the  control  one.  The  phases  of  the  long-term  cycle  for  the  experimental 
clams  occurred  four  days  after  those  of  the  controls  (Fig.  5).  Since  the  long-cycle 
rhythm  is  the  result  of  the  moving  of  the  tidal  influence  across  the  diurnal  cycle  at 
the  rate  of  about  50  minutes  per  day,  or  so  that  the  tidal  effect  occurs  50  minutes 
later  on  each  successively  later  day,  the  apparent  five-hour  shift  of  the  tidal  rhythm 
could  not  have  effected  a  shift  of  the  long-cycle  rhythm  such  that  its  phases  occurred 
four  days  late.  If  the  experimental  tidal  rhythm  had  been  shifted  so  that  on  a 
hypothetical  day  the  low  point  of  the  cycle,  which  probably  correlates  with  the  time 
of  low  tide  in  the  natural  habitat  of  the  clams,  occurred  between  11  P.M.  and  mid- 
night and  the  comparable  low  point  for  the  control  group  occurred  five  hours  ear- 
lier, or  between  6  and  7  P.M.  on  the  same  day,  the  resulting  long-term  cycle  for  the 
experimental  animals  would  be  moved  so  that  its  phases  would  occur  earlier  rather 
than  later  than  those  of  the  cycle  for  the  control  group. 

In  order  that  the  phases  of  the  long-cycle  rhythm  for  the  experimental  group  be 
four  days  late  when  compared  to  those  of  the  control  group,  the  tidal  cycle  for  the 
former  would  have  had  to  be  shifted  so  that  a  low  point  occurred  about  four  to  five 
hours  earlier  than,  or  that  the  tidal  cycle  of  the  experimental  group  was  four  to  five 
days  behind,  that  of  the  control  group.  As  has  been  seen,  this  was  not  the  case 
(Fig.  7).  However,  when  a  particular  point  of  the  experimental  cycle  which  is 
the  result  of  a  tidal  influence  appears  to  be  five  hours  late,  or  about  four  to  five  days 
ahead,  it  may  in  reality  be  nearly  20  hours  early,  since  a  particular  tide  recurs  about 
every  24.8  hours.  If  this  situation  exists,  the  phases  of  the  long-cycle  rhythm  for 
the  experimental  animals  would  be  expected  to  occur  about  25  days  before  those  of 
the  control  cycle  (Fig.  8).  The  facts  that  a  particular  tide  occurs  about  50  min- 
utes later  on  each  successively  later  day,  and  that  the  long-cycle  rhythm  is  repeated 
about  every  29  days,  account  for  this  relationship. 

Several  hypotheses  may  be  offered  to  explain  these  shifts.  1)  The  first  dark-to- 
light  or  the  first  light-to-dark  change  may  have  been  the  stimulus  that  effected  the 
movement  of  the  phases  of  the  tidal  cycle  for  the  experimental  group  about  20 
hours  backwards,  and  consequently,  the  phases  of  the  long-cycle  rhythm  25  days 
ahead  of  those  for  the  control  clams.  2)  Possibly,  the  effects  of  the  changes  of 
illumination  or  the  periods  of  high  illumination  or  darkness  were  cumulative,  and 
thereby  caused  the  shifts  that  have  been  discussed.  On  the  basis  of  the  results  of 
previous  investigations  it  is  probable  that  the  changes  from  darkness  to  light  and 
the  light  period  were  the  effective  factors.  Webb  (1950)  found  that  the  phases  of 
the  diurnal  rhythm  of  color  change  for  fiddler  crabs  that  were  maintained  in  con- 
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stant  darkness  were  shifted  by  single  illumination  periods  of  varying  lengths.  The 
direction  and  the  amount  of  shift  were  dependent  on  the  time  of  day  at  which  the 
animals  were  exposed  to  an  illumination  of  90  ft.  c.  A  more  recent  paper  (Brown. 
Fingerman  and  Hines,  1954)  presents  an  hypothesis  to  account  for  the  graded  series 
of  shifts  of  the  diurnal  cycle  of  color  change  for  Uca.  These  graded  shifts  in  the 
phases  of  the  cycle  were  noted  when  series  of  crabs  were  exposed  to  various  higher 
illuminations  by  night  and  various  lower  ones  by  day.  Two  factors  appeared  to 
operate  in  the  altering  of  the  phases :  1 )  the  strength  of  the  light-increase  stimulus. 
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FIGURE  8.  An  illustration  to  show  the  effects  of  shifts  of  the  tidal  cycle  of  an  experi- 
mental group  of  clams  on  the  long-term  rhythm  of  activity.  The  broken  line  curve  is  that  of 
the  experimental  and  the  solid  line  one  is  that  of  the  controls.  The  broken  line  arrow  indi- 
cates the  time  of  low  tide  for  the  experimental  group  and  the  solid  line  one  for  the  control 
group.  The  horizontal  arrows  indicate  the  directions  and  amounts  of  shifts  possible.  (For 
discussion,  see  text.) 

and  2)  the  brightness  of  the  higher  illumination  to  which  the  animals  were  exposed 
by  night. 

Exposures  of  fiddler  crabs  to  several  cycles  of  altered  illumination  operate  to 
shift  the  tidal  rhythms  of  color  change  as  well  as  the  diurnal  cycles  (Brown,  Finger- 
man, Sandeen  and  Webb,  1953).  Here  the  phases  of  the  tidal  and  the  diurnal 
rhythms  were  moved  in  the  same  direction  and  by  the  same  number  of  hours.  In 
this  case,  the  temporal  relationship  which  existed  between  the  two  cycles  at  the 
times  of  exposure  of  the  crabs  was  maintained.  In  the  present  study,  the  data  lead 
to  the  assumption  that  the  tidal  rhythm  for  the  experimental  group  of  quahogs  was 
shifted  so  that  its  phases  occurred  about  20  hours  earlier  than  those  for  the  animals 
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that  were  exposed  to  constant  low  illumination.  The  shift  of  the  diurnal  rhythm 
was,  at  most,  only  one  hour  in  the  same  direction.  The  diurnal  cycle  could  have 
been  shifted  by  a  number  of  days,  however,  and  this  could  not  have  been  ascer- 
tained. For  example,  if  each  of  the  five  alternating  light  cycles  had  shifted  the 
diurnal  rhythm  backwards  by  five  hours,  it  would  appear  to  have  been  set  back- 
wards only  one  hour.  Meanwhile,  if  the  tidal  influence  had  each  day  moved  for- 
ward 50  minutes  over  the  diurnal  cycle  while  each  day  the  diurnal  cycle  was  set 
backwards  five  hours,  the  phases  of  the  tidal  cycle  would  be  in  effect  set  backwards 
about  20  hours  during  the  five  days.  This  interpretation  is  so  clearly  compatible 
with  the  second  hypothesis  advanced  earlier  that  its  likelihood  is  great. 

From  the  results  of  the  present  and  earlier  investigations,  it  is  evident  that  light 
stimuli  are  effective  in  setting  phases  of  both  persistent  diurnal  and  tidal  rhythms, 
and  consequently  the  semi-lunar  and  lunar  ones.  Two  other  investigators  recently 
have  discussed  the  problem  of  setting  the  phases  of  persistent  cycles.  Brett  (1954) 
saw  that  a  light  flash  of  only  one  minute  was  sufficient  to  set  the  phases  of  the 
diurnal  rhythm  of  emergence  for  Drosophila.  The  tidal  movements  of  the  water 
seem  to  participate  in  determining  the  phases  of  the  tidal  rhythm  for  Mytilus  (Rao, 
1954). 

The  question  remains :  are  these  persistent  rhythms  endogenous  or  exogenous  ? 
If  they  are  endogenous,  or  dependent  upon  basic  physiological  mechanisms,  the 
various  experimental  procedures  which  shift  the  phases  of  the  cycles  have  actually 
altered  the  "internal  clocks."  On  the  other  hand,  if  the  rhythms  are  controlled  by 
exogenous  forces,  the  manifestations  of  the  rhythms  have  merely  been  moved  from 
their  normal  relationships  with  the  basic  cycles  when  shifts  are  apparent.  The 
present  study  contributes  no  evidence  concerning  this  problem,  but  studies  planned 
for  the  near  future  should  provide  an  answer. 

Precise  rhythms  of  activity  such  as  those  discussed  in  the  present  paper  are 
seemingly  adaptive  for  this  species  of  clam.  Loosanoff  (1937)  states  that  the 
gonads  of  adult  Venus  mcrccnana  inhabiting  Long  Island  Sound  appear  to  contain 
ripe  sperm  or  ova  throughout  the  greater  part  of  the  year.  Yet,  spawning  does  not 
occur  in  the  majority  of  animals  until  August.  A  certain  critical  water  temperature 
has  been  thought  to  be  the  stimulus  for  spawning  (Loosanoff,  1937).  Although 
temperature  may  be  a  limiting  factor  it  seems  more  probable  that  the  presence  of 
persistent  lunar  rhythms,  resulting  from  persisting  diurnal  and  tidal  ones  in  these 
clams,  may  eventually  be  shown  to  be  the  immediate  regulator  of  spawning  activities. 
Such  a  mechanism  would  provide  more  precision  than  could  be  obtained  by  the  very 
slow,  gradual  temperature  change  of  the  water. 

The  greater  activity  of  the  clams  during  the  day  than  during  the  night  may  be 
adaptively  correlated  with  the  availability  of  food.  Plankton  populations,  which 
supply  much  of  the  food  of  this  species,  are  known  to  undergo  diurnal  rhythms  of 
migration.  In  general,  the  greatest  density  of  plankters  near  the  surface  is  found 
during  the  hours  of  the  night,  and  conversely,  the  greatest  density  at  greater  depths 
occurs  during  daylight  (Russell,  1927). 

SUMMARY 

1.  Continuous  kymograph  recordings  of  the  opening  and  closing  of  the  valves 
of  common  quahogs,  Venus  mcrccnana,  secured  from  the  Virginia  coast  and  from 
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Woods  Hole,  Massachusetts  were  made  during  February,  March,  April,  June,  and 
December,  1953. 

2.  The  activity  records  of  these  clams  maintained  under  constant  laboratory  con- 
ditions show  a  persisting  diurnal  rhythm  with  maxima  and  minima  occurring  in 
the  afternoon  and  early  morning,  respectively.     There  is  some  evidence  that  the 
pattern  of  the  diurnal  cycle  varies  with  the  time  of  year. 

3.  A   persisting  tidal   rhythm   is  also   evident.     In  the  group   of  animals   for 
which  correlations  with  actual  tidal  phases  could  be  made,  it  was  seen  that  the  times 
of  minimal  activity  in  this  cycle  correspond  closely  with  the  times  of  low  tide  in 
the  area  from  which  the  animals  were  collected. 

4.  The  summation  of  these  two  cycles,  diurnal  and  tidal,  is  responsible  for  an 
observed  lunar  cycle.     The  phases  of  the  lunar  cycle  are  probably  set  directly  by 
the  tides  to  which  the  animals  are  exposed  rather  than  by  any  direct  lunar  influence. 

5.  The  rhythms  of  a  group  of  clams  that  was  exposed  to  darkness  during  the 
day  (8  A.M.  to  8  P.M.)  and  to  an  illumination  of  100  ft.  c.  during  the  night  (8  P.M. 
to  8  A.M.)   for  five  consecutive  24-hour  periods  show  shifts  in  their  cycles  when 
compared  to  those  of  control  animals.     The  shifts  are  such  that  the  phases  of  the 
diurnal  rhythm  occurred  one  hour  earlier  than  those  of  the  controls ;  the  phases  of 
the  tidal  cycle  occurred  about  20  hours  earlier  than  those  of  the  controls ;  and  the 
phases  of  the  long-cycle  rhythm  were,  in  consequence,  25  days  ahead  of  those  of 
the  controls. 

6.  The  manner  in  which  these  shifts  of  the  phases  of  the  cycles  are  related  is 
discussed  and  illustrated. 

7.  Adaptive    significances    of    these    persistent    rhythms    in    these    clams    are 
suggested. 
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ON  THE  RESPIRATION  IN  SCALLOPS   (LAMELLIBRANCHIATA)1 

L.  VAN  DAM 

]Voods  Hole  Occanographic  Institution,  ll'oods  Hole,  Massachusetts 

The  only  data  in  the  literature  on  the  respiration  of  scallops  seem  to  be  those  of 
Spiirck  (1936;  rf.  also  Thorson,  1936),  who  determined  the  oxygen  uptake  in  Pec- 
ten  grocnlandicus  (arctic),  P.  I'arius  (boreal-mediterranean),  and  P.  flexuosus 
(mediterranean)  in  nearly  air-saturated  water.  This  author  found  that  the  resting 
metabolism  of  the  scallops,  and  other  bivalves  which  have  a  marked  capacity  for 
rapid  swimming  locomotion,  is  considerably  higher  than  that  of  more  sedentary 
types. 

The  present  paper  reports  on  a  study  of  the  respiration  in  the  deep  sea  scallop 
and  the  bay  scallop,  both  of  common  occurrence  and  of  considerable  economic  im- 
portance along  certain  areas  of  the  Atlantic  coast  of  North  America.  The  oxygen 
consumption  of  resting  (non-swimming)  individuals  was  determined  over  a  range 
of  concentrations  of  oxygen  of  about  the  air-saturation  value  to  close  to  zero.  In 
addition  determinations  were  made,  in  aerated  water,  of  the  oxygen  utilization  or 
the  percentage  of  oxygen  removed  from  the  inspired  water  during  its  passage 
through  mantle  cavity  and  gills. 

MATERIAL  AND  METHOD  OF  OXYGEN  ANALYSIS 

The  deep  sea  scallops  (Pec  ten  grand  is  Solander )  were  taken  from  Cape  Cod  Bay, 
at  a  depth  of  about  12  m.,  the  bay  scallops  (Pec ten  irradians  Lamarck)  from  a  shal- 
low salt  water  pond  near  Woods  Hole.  All  animals  were  kept  in  the  laboratory  in 
tanks  with  running  sea  water  (salinity  31-32. 5%c).  For  the  experiments,  which 
were  carried  out  during  June  and  July,  1952,  and  from  September-November,  1953, 
only  specimens  that  were  in  apparent  good  health,  showing  a  wealth  of  actively 
moving,  extended  tentacles  and  production  of  faecal  material,  were  used. 

Analyses  of  dissolved  oxygen  were  made  by  the  Winkler  method  on  samples  of 
about  one  ml.  (van  Dam,  1935a). 

TECHNIQUES  OF  MEASUREMENTS  OF  O..-CONSUMPTION 

(a)  Continuous  measurements  of  0.,-consumption  in  water  approximately  satu- 
rated with  air  were  performed  on  single  individuals  of  the  sea  scallop  by  means  of 
a  volumetric  respirometer  technique  as  described  by  Scholander  (1949).  In  this 
method  the  oxygen  consumed  is  directly  read  on  a  syringe  from  which  oxygen  is 
introduced  into  the  system  at  the  rate  at  which  it  is  removed  by  the  animal. 

A  plastic  box  of  about  900  ml.  capacity,  immersed  in  a  water  bath,  was  used  as 
a  respiration  chamber.  It  was  filled  with  about  850  ml.  of  sea  water  which  had 
been  filtered  through  cotton  or  glass  wool.  Prior  to  the  actual  experiments  the 
animals  were  kept  for  one  hour  or  longer  in  the  respirometer  running  open  to  the 

1  Contribution  no.  705  from  tin-  Woods  Hole  Oceanographic  Institution. 
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air.  Runs  without  an  animal  in  the  water  showed  a  blank  oxygen  consumption  of, 
on  the  average,  about  0.2  ml.  O2/hr.  (Fig.  5).  The  cause  of  these  rather  high 
blank  values  is  not  known.  The  calculated  Qo^-values  (CX-consumption  per  kg. 
and  hour )  given  in  Figure  4  are  STP-  and  blank-corrected.  In  a  number  of  tests 
initial  and  final  CX-content  and  approximate  pH  (Hellige  comparator)  of  the  water 
in  the  respirometer  were  determined,  showing  that,  as  a  rule,  the  O2-content  re- 
mained practically  constant.  In  a  few  cases  a  decrease  of  0.1-0.3  ml.  O2/L.  was 
observed,  and  the  Qo2-values  were  corrected  accordingly.  Although  in  this  method 
the  CO2  produced  is  continuously  being  removed,  the  pH  of  the  water  during  the 
tests  usually  decreased  from  about  8  to  about  7.2-7.6.  This,  however,  as  can  be 
seen  from  Figure  5,  had  no  apparent  effect  on  the  rate  of  oxygen  uptake.  The  same 
holds  for  the  experiments  with  the  closed  respiratory  chamber  technique  described 
below,  in  which  all  excreta,  CO2  included,  remained  in  the  water. 

(b)   To  determine  the  critical  O2-tension,  measurements  of  O2-consumption  were 
made  in  closed  plastic  respiration  chambers  of  1-3  L.  capacity  (Fig.  1 ),  completely 


-. 
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FIGURE  1.  Diagram  of  closed  respiratory  chamber  (R).  W,  P:  stainless  steel  drive  shaft 
and  plastic  paddle.  T,  N  :  small  bore  plastic  tubing  and  needle  through  which  water  from 
water-bath  B  enters  R  when  water  samples  for  O2-analysis  are  taken  with  syringe  S. 


filled  with  water,  in  which  the  concentration  of  oxygen  decreased  progressively  due 
to  the  respiration  of  the  animal. 

Blank  runs  (Fig.  6)  showed  that  in  the  absence  of  an  experimental  animal  the 
O,-content  of  the  water  in  the  respirometer  was  practically  constant  at  any  O2- 
tension.  Control  tests  showed  that  the  Winkler  procedure,  as  such,  was  not  inter- 
fered with  by  metabolites  in  water  in  which  animals  had  been  confined  for  several 
hours. 

Prior  to  the  O2-uptake  measurements  the  animals  were  scrubbed  clean  thor- 
oughly and  acclimated  to  the  experimental  temperatures  for  one  day  or  longer.  To 
determine  the  wet  weight  of  the  soft  tissues,  the  animal  was  opened  by  severing  the 
adductor  muscle.  Then  all  soft  tissues  were  taken  out  of  the  shells,  drained  for 
about  5  minutes,  dried  at  the  outside  on  filter  paper  and  then  weighed.  Length  and 
weight  of  the  animals  used  are  given  in  Table  I. 
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The  sea  scallops  were  lying  freely  in  a  normal  position,  i.e.,  on  the  right  valve, 
on  the  bottom  of  an  all-glass  aquarium.  Samples  of  the  inhalant  water  current 
were  taken  with  a  syringe,  the  tip  of  which  was  placed  near  the  pallial  opening  oppo- 
site the  middle  of  the  hinge.  Simultaneously,  samples  of  the  exhalant  current  were 
taken,  either  directly  by  means  of  a  syringe  to  which  a  fine  glass  tip,  bent  at  right 
angles,  was  attached  (animals  no.  1  and  5,  18  samples),  or  by  means  of  a  siphon  as 

TABLE  I 

Length  and  weight  of  experimental  animals* 


Specimen  no. 

Number  of  test  in  which  specimen 
was  used 

Length 

(mm.) 

Wet  meat 
(gms.) 

Total  wet  weight 
(gms.) 

Test  no. 

Fig.  no. 

Sea  Scallop 


1 





146 

___, 



2 

1-4 

5 

59 

9 

25.0 

3 

7,8 

5 

63 

10.5 

29.5 

4 

5,6 

5 

69 

13.5 

40.0 

5 

9-13 

5 

81 

23.0 

88.0 

6 

14,  15 

5 

75 

18.0 

50.0 

7 

7,8 

6 

73 

17.8 

49.0 

8 

1,2 

6 

101 

34.5 

110 

9 

3,6,9 

6 

139 

78.8 

294 

11 

11 

6 

130 

60.3 

235 

Bay  Scallop 


1 

. 

_ 

56 

6.4 

31.9 

2 

— 

— 

56 

7.0 

33.5 

3 

4,  10 

6 

61 

10.2 

38.1 

5 

5,  13 

6 

63 

12.5 

39.0 

6 

5,  12 

6 

59 

10.5 

33.8 

*  The  length  given  here  denotes  the  straight-line  distance  between  the  middle  of  the  hinge 
(p)  and  a  point  at  the  margin  of  the  upper  shell  opposite  p.  Due  to  circumstances,  the  wet  meat 
weight  of  the  sea  scallops  2,  3,  4,  5  and  6  was  not  determined  directly  but  was  taken  from  a  graphic 
representation  of  data,  collected  by  Mr.  J.  A.  Posgay,  relating  length  and  weight  of  wet  meat  in 
over  one  hundred  specimens. 


indicated  in  Figure  2  (animal  no.  6,  12  samples).  Glass  tip  or  siphon  were  intro- 
duced about  5  mm.  into  the  cloacal  chamber.  Water  from  the  cloacal  cavity  was 
allowed  to  pass  through  the  siphon  (capacity  7  ml.)  for  about  one  hour,  at  a  rate 
of  1.5  ml./min.,  before  the  first  samples  were  taken.  There  were  no  signs  that  the 
presence  of  tip  or  siphon,  which,  as  a  rule,  did  not  touch  the  animal's  tissues,  inter- 
fered with  the  normal  vigorous  propulsion  of  water.  Slowness  of  sampling  guar- 
anteed that  the  sample  was  not  contaminated  with  outside  water.  A  continuous 
How  of  fresh  sea  water  combined  with  an  intensive  stirring  by  means  of  big  bubbles 
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FIGURE  2.  Sampling  from  the  exhalant  water  current  in  the  sea  scallop  by  means  of  a 
cloacal  siphon.  From  the  continuously  overflowing  water,  samples  of  about  one  ml.  are  taken 
with  a  syringe  pipette  (Sy).  The  lower  end  of  the  glass  tube  T  is  about  5  mm.  inside  the 
(white)  cloacal  chamber.  Stippled:  mantle.  Black:  tip  of  gills.  Diagram. 

of  air  kept  the  O2-content  of  the  water  in  the  experimental  aquarium  uniform  over 
prolonged  periods  of  time. 

In  the  earlier  studies  of  the  oxygen  utilization  in  Lamellibranchia,  made  on 
siphonate  forms,  it  has  been  assumed  that,  due  to  turbulent  mixing  in  the  relatively 
long  and  narrow  siphon,  the  oxygen  in  the  water  leaving  the  exhalant  aperture  is 
fairly  uniformly  distributed.  In  the  scallops,  however,  as  in  many  other  species,  a 
siphon  is  lacking  and  the  cloacal  chamber  communicates  with  the  exterior  through 
a  normally  widely  opened  slit.  To  determine  whether  appreciable  O2-gradients 
occur  in  the  broad  ribbon  of  water  escaping  from  this  slit,  in  the  bay  scallop  two  or 
three  samples  were  taken  simultaneously  at  different  spots.  The  technique  used  is 
indicated  in  Figure  3. 

As  a  rule  the  introduction  of  the  needles  into  the  cloacal  cavity  disturbed  the 
ventilation  only  during  the  first  few  minutes  and  in  several  cases  was  accomplished 


FIGURE  3.  Sampling  from  the  exhalant  water  current  in  the  bay  scallop  by  means  of  2  or 
3  needles  (N),  held,  in  a  parallel  fashion,  3-10  mm.  apart,  in  a  plastic  block  (B).  The  needles, 
of  which  only  one  is  shown,  protrude  i-H  cm.  into  the  cloacal  chamber  (black),  and  are  con- 
nected with  a  sampling  syringe  (E).  The  scallop  is  paraffined  onto  a  piece  of  wire  (W),  held 
in  a  plastic  rod  (R).  I:  One  of  the  two  syringes,  sampling  simultaneously,  at  different  spots, 
from  inhalant  current.  M :  mantle.  Stippled :  gills.  A :  adductor  muscle.  Hatched :  intes- 
tine, opening,  at  the  left  hand  side,  into  the  cloacal  chamber  (black).  Diagram. 
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without  any  visible  reaction  on  part  of  the  animal.  Moreover,  sampling  was  not 
begun  until  after  at  least  one  hour  had  elapsed.  On  several  occasions  the  needles 
were  left  in  position  overnight.  By  manipulating  two  syringes  at  a  time  and  chang- 
ing over  from  one  pair  to  another  every  10  seconds,  simultaneity  of  sampling  was 
accomplished  to  a  fair  degree.  Sampling  was  interrupted  when  an  animal  would 
interrupt  the  pumping  and  was  only  resumed  a  couple  of  minutes  after  normal  ven- 
tilation had  begun  again. 

DISCUSSION  OF  RESULTS 
(a)   O.rygen  consumption  in  approximately  air-saturated  water 

In  Figure  4  the  values  for  the  oxygen  consumption  of  the  sea  and  bay  scallop 
obtained  in  the  present  study  (dots  and  crosses,  respectively)  are  compared  with 
data  on  the  oxygen  uptake  of  various  other  marine  Lamellibranchia  selected  from 
the  literature.  The  latter  were  grouped  together  and  averaged  according  to  geo- 
graphical distribution  (arctic,  boreal,  and  mediterranean)  and  locomotory  faculties 
(swimming  versus  non-swimming)  of  the  animals.  The  relation  between  these 
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FIGURE  4.     Oxygen  consumption  of  resting  specimens  of  bay  and  sea  scallop  studied  in  the 

present  paper  (crosses  and  dots,  respectively)  compared  with  the  oxygen  uptake  of  other  marine 

Lamellibranchia,  selected  from  the  literature  and  grouped  together  according  to  geographical 

distribution    (arctic,  boreal  and  mediterranean  species)    and  according  to  locomotory  faculties 

(swimming  or  more  or  less  sedentary  species).     On  the  curves,  the  points  represent  the  arith- 

.1  mean  of  all  Qo^-values  available  for  a  given  temperature.     The  figures  in  brackets  refer 

to  the  source  in  the  literature  from  which  the  data,  used  to  compute  these  mean  values,  were 

taken,  as  follows  :  1  =  Bruce,  1926 ;  2  =  Thamdrup,  1935  ;  3  =  Sparck,  1936 ;  4  =  Thorson,  1936 ; 

-  Whedon  and  Sommer,  1937.     Vertical,  stippled,  lines :  spread  of  data  in  the  group  of  the 

boreal  sedentary  species. 
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FIGURE  5.  Rate  of  oxygen  uptake  in  the  sea  scallop  in  approximately  air-saturated  water. 
Ordinate :  amount  of  oxygen  (ml.)  in  the  measuring  syringe.  Abscissa:  time  (hrs.).  Number- 
ing of  tests  as  in  Table  I.  Small  circles :  blank  runs. 


factors  and  the  metabolic  rate  in  marine  Lamellibranchia  has  been  dealt  with  al- 
ready by  Sparck  (1936).  The  following  data  (adult  specimens,  outside  the  spawn- 
ing season)  were  used:  Sparck  (1936)  :  9  arctic,  12  boreal,  and  11  mediterranean 
species;  Thorson  (1936)  :  11  arctic  species;  Thamdrup  (1935)  :  3  boreal  species; 
Bruce  (1926)  :  one  boreal  species;  and  Whedon  and  Sommer  (1937)  :  one  boreal 
species.  The  figure  indicates  that  the  CX-consumption  in  the  bay  scallop  is  essen- 
tially the  same  as  that  in  the  sea  scallop.  Over  the  range  of  temperatures  investi- 
gated (16-24°  C),  the  O2-uptake  in  these  species  is  somewhat  intermediate  in  posi- 
tion between  the  O2-uptake  of  mediterranean  scallops  and  that  of  more  sedentary 
bivalves  from  that  area  and  thus  is  about  the  same  as  the  O2-uptake  of  the  average 
boreal  non-swimming  lamellibranch.  In  using  the  curves  in  Figure  4  as  a  basis 
for  comparison,  it  must  be  borne  in  mind,  however,  that  they  give  a  greatly  simpli- 
fied picture  inasmuch  as  the  data,  from  which  they  were  computed,  show  a  very 
considerable  spread  in  most  cases.  The  spread  in  the  Qo2-values  of  the  different 
species  of  lamellibranchs  in  the  boreal-sedentary  group,  is  indicated  in  the  figure 
(stippled  lines).  Not  enough  data  are  available  to  establish,  in  the  bay  and  sea 
scallop,  a  relation  between  Qo2  and  season  or  size,  or  to  estimate  Q10. 

For  several  species  of  bivalve  molluscs,  lengthy  periods  of  stoppage  of  the  water 
propulsion  have  been  reported  in  the  literature.  To  the  list  of  species  given  by 
van  Dam  (1938,  p.  123;  cf.  also  Verwey  1952,  pp.  189-193)  can  be  added  Venus 
mercenaria  (Collip,  1921  ;  Chipman  and  Galtsoff,  1949)  and  Hyridclla  australis 
(Hiscock,  1950;  1953).  Persistence  of  rhythmicity  in  O2-uptake  in  molluscs  under 
laboratory  conditions  was  further  reported  by  Compel  (1937)  and  by  Sandeen  et  ol. 
(1953),  and  in  the  rate  of  water  propulsion  in  the  California  mussel  by  Rao  (1953). 
No  prolonged  interruptions  of  the  ventilation  were  observed  in  the  scallops  and  the 
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oxygen  uptake  of  the  latter,  accordingly,  appears  to  be  quite  uniform  (Figs.  5  and 
6).  Also,  as  already  mentioned  by  Sparck  (1936),  scallops  cannot  be  kept  out  of 
water  for  nearly  as  long  a  time  as  many  other  bivalves,  without  being  damaged. 
When  kept  in  moist  air  at  room  temperature  they  soon  open  their  valves  and  gradu- 
ally lose  the  typical  reaction  to  the  sudden  cast  of  a  shadow  which  consists  of  a  vig- 
orous closing  movement.  The  oxygen  consumption  determined  in  a  sea  scallop 
which  had  been  subjected  to  such  a  treatment  for  seven  hours  appeared  to  be  low 
for  the  temperature  of  the  test  (74  ml.  O2/kg./hr.,  22.7°  C),  the  critical  oxygen 
tension  high  (test  3,  Fig.  6).  During  this  test  the  animal  held  its  valves  abnor- 
mally wide  apart  and  its  gills  were  arranged  in  a  disorderly  fashion. 

(b)  Oxygen  consumption  at  progressively  decreasing  concentrations  of  oxygen 

With  not  too  rapid  a  fall  in  the  oxygen  content  of  the  inspired  water,  the  scallops 
appeared  to  be  capable  of  maintaining  a  normal  oxygen  uptake  down  to  a  concentra- 
tion of  oxygen  of  about  1.0-0.5  ml.  CX/L.  (Fig.  6).  Similar  findings  have  been 
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FIGURE  6.  Rate  of  oxygen  uptake  of  the  sea  scallop  and  of  the  bay  scallop  at  progressively 
decreasing  tensions  of  oxygen.  Ordinate:  Os-content  of  water  in  respiratory  chamber  (ml. 
Os/L.).  Abscissa:  time  (hrs.).  Numbering  of  tests  as  in  Table  I.  For  discussion  of  test  no. 
3,  see  text.  Small  circles :  blank  runs. 


reported  for  other  species  of  Lamellibranchiata  (Weiland,  1919;  Nozawa,  1929; 
Galtsoff  and  Whipple,  1930;  Ishida,  1935;  Thamdrup,  1935;  Whedon  and  Sommer, 
1937;  Hers,  1943).  To  what  extent  this  faculty  is  based  on  an  increase  in  the 
amount  of  water  pumped  or  on  an  increase  in  the  percentage  oxygen  utilization, 
has  not  been  investigated.  It  was  noticed  that  the  animals,  in  water  poor  in  oxy- 
gen, display  little  or  no  active  motion,  gradually  lose  the  "shadow-cast  reaction," 
and  erect  the  pallial  velum  in  a  vertical  fashion.  It  is  possible  that  the  vigorous 
stirring  of  the  water  in  the  respiration  chamber  has  contributed  to  some  extent  to 
the  ventilation  of  the  animal's  tissues  with  water  and  thus  has  lowered  the  critical 
oxygen  tension  below  a  level  which  would  prevail  if  this  ventilation  depended  solely 
on  the  currents  generated  by  the  animal  itself. 
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(c)  Oxygen  utilisation 

In  the  sea  scallops  the  oxygen  utilization  was  found  to  range  from  about  y%  to 
9%  ;  in  four  out  of  the  five  bay  scallops  investigated  the  values  represent  a  range 
of  about  1  to  13%  (Table  II).  Similarly  low  values  have  been  found  in  siphonate 
Lamellibranchia  and  in  several  other  filter  feeding  animals  (van  Dam,  1935b,  1938; 
Hazelhoff,  1938).  Low  values  are  also  obtained  for  the  oxygen  utilization  calcu- 
lated from  data  on  oxygen  consumption  and  rate  of  water  propulsion  as  given  for 
a  number  of  filter  feeders,  e.g.,  by  Jjzfrgensen  (1952).  It  seems,  then,  that  true  filter 
feeders  normally  pump  large  amounts  of  water  (cf.  also  Loosanoff  and  Nomejko, 
1946;  Owen,  1953),  from  which  only  a  small  fraction  of  the  dissolved  oxygen  is 
being  consumed.  It  would  be  of  interest  to  determine  the  oxygen  utilization  or 
the  rate  of  water  propulsion  in  those  species  of  bivalves  which  are  not  true  filter 

TABLE  II 

Percentage  oxygen  utilization  in  the  sea  scallop* 
0-i-content  of  inhaled  water  about  5  ml.  Oi/L.     Temperature  about  17-22°  C. 

Specimen  Specimen  Specimen 

no.  1  no.  5  no.  6 


2.9 

7.5 

1.9 

2.2 

6.4 

2.7 

0.7 

5.2 

0.8 

1.6 

7.6 

3.6 

1.6 

2.3 

1.6 

Mean:  6.6% 

2.3 

4.0 

2.9 

8.8 

3.4 

1.8 

1.9 

4.0 

3.8 

2.2 

3.8 

2.2 

3.8 

0.4 

1.0 

Mean:  2.8% 

Mean:  2.5% 


*  Except  for  one  (Specimen  no.  4,  utilization  0.9%),  the  utilization  values  obtained  in  the  bay 
scallop  are  shown  in  Figure  7. 

feeders   as,   for  example,   those  feeding   on   bottom   deposits    (cf.   Yonge.    1953). 

In  one  of  the  bay  scallops  which  ventilated  much  less  vigorously  than  any  of 
the  other  specimens  investigated,  high  percentage  oxygen  utilization  values  (13- 
72%}  were  found.  A  similar,  slow,  often  interrupted,  ventilation  entailing  a  high 
oxygen  utilization  was  observed  in  some  individuals  of  Anodonta  (van  Dam,  1938). 
In  the  specimens  of  Anodonta  investigated  by  Koch  and  Hers  ( 1943 ;  personal 
communication)  a  high  utilization  prevailed  throughout.  Whether  a  slow  rate  of 
ventilation,  as  displayed  by  these  specimens  of  Pecten  and  Anodonta,  can  be  con- 
sidered normal,  i.e.,  will  provide  the  animal  with  enough  oxygen  and  food  to  sustain 
normal,  aerobic,  respiration  and  growth,  is  not  known. 

In  the  stream  of  water  escaping  from  the  cloacal  chamber  of  the  bay  scallops 
considerable  gradients  in  the  concentration  of  oxygen  occur.  These  gradients  are 
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shown,  in  Figure  7,  in  the  form  of  utilization  values  obtained  simultaneously,  but  at 
different  spots,  in  the  exhalant  water  current  of  one  and  the  same  specimen.  These 
values  were  connected  by  a  line  parallel  to.  the  ordinates.  The  steepest  oxygen 
concentration  gradients  occurred  in  those  cases  where  the  utilization  was  high.  In 
one  of  these  cases  (the  group  of  three  dots  closest  to  the  right  hand  ordinate)  the 
utilization  values  were  33.4%,  37.4%,  and  71.5%,  respectively,  representing  oxygen 
concentrations  of  66.6%,  62.6%,  and  28.5%,  of  the  oxygen  content  of  the  inhaled 
water.  In  this  case,  then,  the  concentration  of  oxygen  at  one  spot  was  more  than 
twice  as  high  as  at  another  spot.  In  the  other,  more  vigorously  ventilating  speci- 
mens, in  which  the  utilization  was  much  lower,  the  differences  in  oxygen  concen- 
tration did  not  exceed  10%  of  the  O, -content  of  the  inhaled  water. 

Inhomogeneity  in  the  distribution  of  oxygen  in  the  exhalant  water  current  as 
observed  in  the  bay  scallop  by  the  present  author  and  in  Anodonta  by  H.  J.  Koch 
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FIGURE  7.  Gradients  in  the  concentration  of  oxygen  in  the  exhalant  water  current  in  the 
bay  scallop,  presented  as  the  percentage  oxygen  depletion  (U%)  of  samples  drawn  simultane- 
ously at  different  spots  in  one  and  the  same  animal.  U%-values  from  simultaneously  drawn 
samples  are  connected  by  a  line  parallel  to  the  ordinates.  Os-content  inhaled  water  approx. 
4.5-5  ml.  O,/L. ;  temperature  about  20-24.5°  C. 


and  M.  J.  Hers  (personal  communication),  of  course,  excludes  the  possibility  of 
determining  the  true  average  oxygen  utilization  with  a  sampling  method.  Only  if 
all  the  water  leaving  the  animal  could  be  collected  would  the  determination  of  such 
a  value  be  possible.  The  oxygen  utilization  values,  then,  obtained  in  this  and  in 
previous  investigations,  are  only  approximations  of  this  average  value. 

I  wish  to  thank  Dr.  A.  C.  Redfield  and  Dr.  P.  F.  Scholander  for  stimulating  in- 
terest and  valuable  criticism,  and  Mr.  J.  A.  Posgay  for  help  in  the  procurement  of 
scallops. 

SUMMARY 

1.  The  oxygen  uptake  and  the  percentage  of  oxygen  withdrawn  from  the  inhaled 
water,  were  determined  in  resting  specimens  of  two  species  of  lamellibranch  mol- 
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luscs  which  have  a  capacity  for  rapid  swimming  locomotion,  vis.  in  the  sea  scallop 
(Pecten  grandis  Sol.)  and  in  the  bay  scallop  (Pecten  irradians  Lam.)- 

2.  In  accordance  with  the  absence  of  prolonged  ventilation  pauses  common  in 
several  other  species  of  Lamellibranchia,  the  oxygen  uptake  in  the  bay  and  sea 
scallop  is  quite  uniform.     In  both  species  Q0,  was  found  to  be  about  70  ml./kg./hr. 
at  20°  C.     This  value  is  about  half  the  Q02-value  found  in  swimming  species  from 
the  mediterranean  and  falls  well  within  the  range  of  Qo2-values  in  boreal  non- 
swimming  types  of  lamellibranchs  recorded  in  the  literature. 

3.  The  oxygen  uptake  was  independent  of  the  oxygen  tension  down  to  a  con- 
centration of  oxygen  of  about  \-%  ml.  CX/L. 

4.  The  percentage  of  oxygen  withdrawn  from  the  inhaled  water,  in  most  cases, 
was  low,  ranging,  approximately,  from  i/2  to  13%.     It  was  demonstrated  that  in 
the  stream  of  water  escaping  from  the  cloacal  chamber  of  the  bay  scallop  consider- 
able gradients  in  the  concentration  of  oxygen  occur. 
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STUDIES  ON  THE  ACROSOME.     II.  ACROSOME  REACTION  IN 

STARFISH  SPERMAT<  >/<  >A  1 

JEAN  C.  DAN 

Misaki  Marine  Binltn/ical  Station,  Misaki.  Kaiui</at*.'a-kcn.  Japan 
With  the  technical  assistance  of   A.   KITAHAKA   and   T.   KOIIKI 

After  it  had  been  found  that  sea  urchin  spermatozoa  react  to  species  egg-water 
by  undergoing  a  change  in  the  region  of  the  acrosome  simultaneously  with  the 
agglutination  reaction,  the  possibility  became  evident  that  some  such  reaction 
might  also  be  occurring  in  starfish  spermatozoa.  Fertilization  in  this  form  holds 
a  peculiar  interest,  both  because  it  was  in  the  eggs  of  the  starfish,  Asterias,  that 
Fol  for  the  first  time,  in  1877,  observed  the  entrance  of  a  spermatozoan  into  an  egg 
cell,  and  because  his  description  of  the  process,  which  has  never  been  superseded, 
contains  certain  points  which  are  rather  difficult  to  reconcile  with  usual  concepts  of 
the  relationship  between  egg  and  spermatozoan. 

Current  ideas  concerning  the  exact  details  of  the  process  by  which  fertilization 
takes  place  in  starfish  eggs  are  in  a  somewhat  surprising  state  of  confusion,  con- 
sidering the  number  of  embryologists  who  have  observed  and  reported  the  phe- 
nomenon, and  the  extent  to  which  this  material  has  been  used  in  various  studies 
during  the  past  seventy-five  years. 

Fol  (1877)  and  Chambers  (1923)  observed  spermatozoa  being  drawn  toward 
a  cone  on  the  egg  surface  by  a  long,  slender  filament,  which  they  believed  to  be  an 
extension  of  the  cone.  Just  (1929)  repudiated  this  interpretation,  and  maintained 
that  the  much  shorter  filament  which  he  observed  originates  in  the  sperm  head. 
Horstadius  ( 1939 )  reported  that  a  tubular  "Empfangnishugel"  grows  out  from  the 
egg  surface  and  takes  possession  of  a  spermatozoan  at  the  outer  edge  of  the  jelly 
layer. 

Similarly,  although  workers  from  the  time  of  Lillie  and  Loeb  have  attempted  to 
observe  agglutination  of  starfish  sperm  in  homologous  egg-water,  their  results  do 
not  agree.  Glaser  (1914)  and  \Yoodward  (1918)  reported  agglutination  in 
Asterias  forbesii,  and  Nomura  (1926),  in  Astcrina  f^cctinijcru,  but  Just  (1930) 
was  unable  to  confirm  the  Astcrias  results,  and  Loeb  (1914)  and  recently  Tyler 
(1941)  have  also  reported  lack  of  success  with  Asterias  ocJiraccns  and  I'atirla 
ininiata,  respectively.  However,  in  1944,  Metz  discovered  that  the  addition  of 
lobster  serum  caused  an  unequivocal  agglutination  reaction  in  the  presence  of 
homologous  egg- water.  Metz  (  1945)  has  further  studied  the  phenomenon  in  four 
species  of  starfish,  and  found  other  substances  which  also  act  as  adjuvants,  particu- 
larly isotonic  white  of  hen's  egg. 

The  work  reported  in  this  paper  was  planned  to  test  the  effect  of  egg-water 
(plus  an  adjuvant)  on  the  acrosome  of  the  starfish  spermatozoan. 

••This  research  was  supported   in  part  by  the  Ministry  of   Kducation   Research  Expenditure 
(Min-kan  Kenkyu  Hi). 
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The.startisli  species  used  for  the  majority  of  the  observations  were  Astcrina 
pcctinijcra  and  .  Islcrias  amurensis;  the  main  points  were  corroborated  in  Astro- 
pccfcn  scopariiis.  Since  the  oocytes  of  Astcrina  and  Astropcctcn  in  general  do  not 
begin  the  maturation  divisions  on  suspension  in  sea  water,-  the  egg-water  in  ex- 
periments with  these  forms  was  obtained  from  the  immature  eggs.  In  the  case  of 
.•Is/crius,  however,  the  egg- water  was  obtained  from  maturing  eggs.  Xo  difference 
in  effectiveness  was  found  between  the  two  solutions. 


la 


FIGURE   1.     Electron   iniiT(.)s>rai)hs   of  .-Jstcruts  spermatozoa    fixed    in    pure    sia   \\ater,    (a)    with 

neutralized  formalin;    (h)    with  ( )s<  ),  vapor. 


In  practice  it  was  found  that  the  jelly  of  Aslcrina  oocytes  swells  considerably  in 

Ca-low  artificial  sea  water;  alter  having  stood  for  about  30  minutes,  such  suspen- 

\vere  centrifuged  sufticiently  to  remove  at  least  part  of  the  jelly,  and  4' ,    of 

('a('l..   was  added   to  bring  the  calcium   content   approximately   to   that    ot 

sea  water.      In  the  case  of  .Jstcrias,  sufficiently  potent  egg  water  was  ob- 

>imply  removing  and   tillering  the  supernatant    finid   from  a  concentrated 

E  eggs  which  bad  >tood  for  ;it  least  an  hour. 

there  arc  always  a   l"e\v    (less   than    1(1' r  )    of  tin cytes   in   \\hieh  tin.1  senninal 

vesicles  down.     The>e  ferlili/e  and  dcvelo])  normally. 
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Spermatozoa  were  obtained  1>y  extirpating  the  testes,  which  were  kept  "dry" 
in  a  covered  glass  container,  and  the  sperm  exuding  from  them  was  freshly  sus- 
pended, immediately  before  use,  in  the  adjuvant  solution.  Throughout  the  experi- 
ments, crystalline  egg  albumin,  dissolved  in  sea  water  and  filtered,  was  used  as  the 
adjuvant,  in  concentrations  ranging  between  0.1  and  1.0%. 

Most  of  the  observations  were  made  on  living  sperm  suspensions,  with  the  oil 
immersion  objective  of  a  phase  contrast  microscope.  For  photographing  and  elec- 
tron microscopic  preparations,  the  suspensions  were  fixed  with  osmium  vapor. 
Because  of  the  presence  of  the  dissolved  albumin,  however,  it  proved  very  difficult 
to  obtain  satisfactory  preparations  for  direct  electron  microscopic  observation. 
This  difficulty  was  partially  resolved  by  making  replicas.  The  electron  microscope 
was  a  Hitachi  Standard,  operating  on  50  KV. 

RESULTS 

The  head  and  middle  piece  of  the  starfish  spermatozoan  make  up  an  approxi- 
mately spherical  structure,  slightly  flattened  anteriorly  (Fig.  la).  In  the  living 
spermatozoan  a  bluntly  cone-shaped  acrosome  can  be  seen  imbedded  in  the  nuclear 


FIGURE  2.  (a)  Diagram  of  starfish  spermatozoan  in  sea  water.  Middle  piece  is  closely 
applied  to  posterior  part  of  head ;  acrosome  appears  as  a  rounded  cone  imbedded  in  nuclear  por- 
tion of  head.  Tail  curves  around  middle  piece  and  extends  more  or  less  directly  backward, 
(b)  Diagram  of  moribund  starfish  spermatozoan,  showing  nucleus,  acrosome  and  middle  piece 
rounded  up  separately  within  inflated  membrane. 

material  so  that  the  apex  of  the  cone  points  backward,  toward  the  middle  piece 
(Fig.  2a).  With  phase  contrast  the  acrosome  material  appears  strongly  refringent, 
in  contrast  to  the  material  of  the  nucleus.  The  middle  piece  is  relatively  large, 
and  is  closely  applied  to  the  base  of  the  head.  While  the  combined  length  of  the 
starfish  sperm  head  and  middle  piece  is  only  about  half  that  of  a  moderately-sized 
sea  urchin  spermatozoan  (i.e.,  Hemicentrotus},  the  tail  is  fully  as  long  as  any  of 
the  sea  urchin  sperm  tails  (50  /*)•  The  head  and  middle  piece  are  enclosed  in  a 
single  membrane  which  is  not  apparent  in  normal  specimens,  but  becomes  visible 
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in  moribund  sperm  or  following  various  types  of  treatment.  In  an  aged  suspen- 
sion, moribund  individuals  are  frequently  seen  in  which  the  membrane  has  separated 
and  become  somewhat  inflated,  and  within  this  spherical  membrane  the  nucleus, 
middle  piece  and  a  refringent  body,  presumably  the  acrosome,  are  all  to  be  seen  as 
discrete  spheres  (Fig.  2b).  The  nucleus,  middle  piece  and  tail  apparently  retain 
their  original  connection  with  each  other  at  one  point,  but  the  acrosome  has  moved 
out  of  place  entirely  and  seems  to  be  free  within  the  membrane. 

As  Metz  has  reported,  although  starfish  sperm  are  usually  not  appreciably  ac- 
tivated either  by  suspension  in  sea  water  or  by  addition  of  homologous  egg  water, 
they  become  intensely  active  when  they  are  suspended  in  egg  albumin-sea  water. 
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FIGURE  5.  Camera  lucida  drawings  of  Astcrina  spermatozoa  suspended  in  0.5%  albumin- 
sea  water,  after  addition  of  homologous  egg-water,  (a)  Small  cluster  of  agglutinated  sperm, 
showing  the  acrosome  filament  on  each.  A  strong  current  of  water  was  passed  across  this 
field  from  the  left ;  two  of  the  filaments  were  bent  and  all  the  tails  swept  toward  the  right  side, 
(b)  Single  reacted  spermatozoan  held  against  cover  glass  by  acrosome  filament. 

Such  activated  sperm,  however,  do  not  show  any  change  in  structure  when  they  are 
examined  either  in  the  living  state  with  phase  contrast,  or  with  the  electron  micro- 
scope. 

If  egg-water  is  then  added  to  the  suspension  of  spermatozoa  in  albumin-sea  water, 
and  a  sample  is  observed  under  high  magnification,  many  clumps  including  from  a 
few  to  several  hundred  spermatozoa  can  be  seen,  the  heads  in  contact  with  each 


FIGURE  3.  Phase  contrast  micrograph  of  Astcrina  spermatozoa  suspended  in  1%  egg 
albumin-sea  water,  fixed  with  OsCh  vapor  after  addition  of  homologous  egg-water.  Most  of 
the  spermatozoa  are  included  in  small  head-to-head  clusters;  arrow  indicates  several  acrosome 
filaments  stuck  to  underside  of  covers; lass. 

FIGURE  4.  Single  Asterina  spermatozoan  which  has  reacted  to  egg-water  focussed  to  show 
origin  of  filament  in  acrosome  region  of  head. 
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other,  and  the  tails  in  vigorous  movement  (Fig.  3).  This  agglutination  is  irre- 
versible. 

Many  other  spermatozoa  are  in  rapid  solitary  motion,  and  some  can  he  found 
with  their  heads  stuck  against  the  glass  surfaces,  while  their  tails  move  freely. 
Close  examination  shows  that  these  spermatozoa  are  held  affixed  to  the  glass  by  a 
long  (ca.  25/x),  very  slender  filament  which  extends  perpendicularly  from  the 
center  of  the  acrosome  surface  (Figs.  3,  4  and  5a  and  b,  6).  These  filaments  can- 
not be  seen  on  swimming  spermatozoa,  but  fixation  of  the  suspension  shows  that 
this  reaction  of  the  acrosome  has  taken  place  in  a  large  proportion  of  the  cells. 
Especially  in  the  case  of  the  small  agglutinated  clusters,  the  filament  can  be  seen 
on  each  spermatozoan  (Figs.  5a,  7). 

Measurements  of  camera  lucida  drawings  of  several  of  these  filaments  ranged 
between  22  and  28  /*.  In  the  living  state  the  filaments  show  considerable  rigidity, 
bending  only  partially  in  the  direction  of  a  strong  current  of  water  passed  over 


FIGURE  8.  Diagram  of  starfish  spermatozoan  after  acrosome  reaction  has  taken  place. 
Filament  extends  from  center  of  acrosome  surface ;  middle  piece  has  become  nearly  spherical, 
and  tail  projects  laterally,  between  head  and  middle  piece.  Only  proximal  portion  of  acrosome 
filament  indicated. 

them,  and  returning  to  their  original  position  when  the  current  is  stopped.  They 
can  also  be  seen  to  vibrate  when  hit  by  a  passing  spermatozoan,  and  are  sometimes 
found  broken,  with  part  of  the  filament  attached  at  an  angle  to  the  remainder. 
Some  time  after  the  addition  of  the  egg-water,  when  the  actively  moving  sperma- 
tozoa have  become  sufficiently  stationary  to  permit  observation,  some  of  them  can 
be  seen  to  have  short  fragments  of  the  filaments  still  projecting  from  the  center  of 
the  acrosome  surface.  Apparently  the  rest  has  broken  off,  during  their  swimming 

FIGURE  6.  Shadowed  electron  micrograph  of  Asterina  spermatozoan ;  suspended  in  albumin- 
sea  water  and  mixed  with  homologous  egg-water  on  collodion  membrane ;  fixed  with  OsO4 
vapor.  Acrosome  filament  has  been  bent  in  handling,  and  vesicles  formed  at  various  points, 
probably  as  an  effect  of  the  fixative.  Note  that  the  membranous  sheath  of  the  filament  seems 
to  be  closed  at  the  tip,  and  that  the  central  core  gives  evidence  of  spiral  fibrillar  structure. 

FIGURE  7.  Asterina;  same  treatment  as  above.  Acrosome  filaments  projecting  from  agglu- 
tinated clump  of  spermatozoa. 


210  JKAX  C.  DAX 

ahi>ut.  \Yhethcr  the  filaments  gradually  disintegrate  in  sea  water  could  not  be 
determined  definitely  for  this  reason;  it  is  certain  that  those  which  have  been  stuck 
to  the  glass  from  the  beginning  remain  apparently  unchanged  for  at  least  30  minutes, 
but  these  are  not  fully  exposed  to  a  possible  dissolving  action  of  the  sea  water.  No 
acroxune  filaments  could  be  seen  on  spermatozoa  fixed  with  formalin,  although 
they  were  well  preserved  after  fixation  with  osmium  vapor.  This  latter  fixative, 
however,  \va>  quite  ineffective  with  respect  to  the  nuclear  part  of  the  sperm  head, 
which  became  extremely  flattened  and  diffuse  in  outline  when  the  preparation  was 
dried  (  Figs.  Ib,  6,  7,9,  10). 

Besides  the  appearance  of  the  acrosomal  filament,  there  is  a  structural  read- 
justment which  takes  place  in  response  to  the  stimulus  of  egg-water  and  makes  it 
possible  to  differentiate  between  spermatozoa  which  have  reacted  and  those  which 
have  not.  This  consists  in  what  appears  to  be  a  partial  relaxation  of  the  tight 
enveloping  membrane,  so  that  the  middle  piece  rounds  up  and  is  less  closely  applied 
to  the  posterior  part  of  the  nucleus  (Fig.  8;  compare  with  Fig.  2a).  Moreover, 
the  tail,  which  in  untreated  spermatozoa  curves  around  the  middle  piece  before 
extending  straight  backward,  now  projects  laterally  from  the  posterior  midpoint 
of  the  head  (see  also  Figs.  5a  and  b,  6,  7,  8,  9,  10).  This  phenomenon  was  reported 
by  Chambers  (1930),  who  mentions  an  ''impression  that  the  head  of  the  sperm  is 
bent  to  one  side"  (p.  352),  and  further  says  (p.  352),  "Occasionally  a  spermatozoan 
appears  to  be  carried  through  the  jelly  with  the  base  of  its  tail  at  right  angles  to 
the  attachment  of  the  insemination  filament,  while  the  rest  of  the  tail  is  curved  so 
as  to  trail  behind."  With  phase  contrast  (dark  contrast),  the  reacted  acrosome 
region  is  no  longer  brightly  refringent,  appearing  grayish  and  darker  than  the 
nuclear  material. 

Concerning  the  fine  structure  of  the  acrosome  filament,  not  much  can  be  said 
with  certainty  on  the  basis  of  the  available  electron  micrographs.  It  appears  to 
have  a  slightly  greater  diameter  at  the  base  than  at  the  tip,  although  this  difference 
cannot  be  detected  in  living  specimens.  There  is  definitely  a  central  core,  prob- 
ably fibrous,  surrounded  by  a  sheath  or  membrane  (Fig.  6).  In  fixed  specimens, 
local  blister-like  swellings  of  this  membrane  are  often  found  (Figs.  6,  7,  9).  The 
end  of  the  filament  apparently  has  no  special  structure  (Figs.  7,  9),  although  Fig- 
ure 6  indicates  that  the  tip  is  enclosed  by  the  membrane.  The  knob-like  condition 
of  the  filament  tip  in  Figure  10  is  apparently  the  result  of  fixation,  and  has  no 
particular  significance  with  respect  to  the  acrosome  filament  itself,  since  the  axial 
filaments  at  the  ends  of  the  sperm  tails  in  the  same  preparation  also  reacted  in 
the  same  \vay.::  This  at  least  suggests  that  the  two  slender  filaments  may  have 
certain  properties  in  common.  They  are  further  similar  in  that  both  appear  to  be 
rather  sticky,  since  spermatozoa  are  often  held  firmly  to  the  glass  surfaces  by  the 
t\vo  filaments,  while  all  the  other  parts — the  head,  middle  piece  and  sheathed  part  of 
the  tail — are  movable  against  the  glass. 

In  no  case,  in  either  .Is/crina  or  .Istcruis,  has  the  acrosome  reaction  been  found 

•  place  in  the  great  majority  of  the  spermatozoa,  as  it   doe-   in   sea  urchins. 

f  the  sperm  which  fail  to  react  have  small,  spherical  beads,  with  the  middle 

.   applied  to  the  base  «\  the  bead;  while  those  which  react  to  egg  water 

artifacts  are  no  doubt  identical  with  tin-  \  rMcK's  formed  at  tin-  tips  of  silver  salmon 
sperm  tail;   on  fixation  with  osmium  U'troxide  and  /mker's  fluid   (  I.owman,  1054). 


10 


FIGURES  9  AND  10.     Replicas  taken  from  Asterias  spermatozoa  suspended  in  0.1%  albumin-sea 
water,  and  fixed  with  OsOi  vapor  after  addition  of  homologous  egg-water. 
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are  larger,  the  anterior  part  of  the  head,  consisting  of  the  acrosome  surface,  is 
flattened,  and  the  middle  piece  is  broad  and  prominent  and  its  junction  with  the 
head  is  clearly  differentiated.  It  seems  possible  that  the  spermatozoa  of  the 
smaller  type  may  be  non-functional. 

Preliminary  observations  of  fertilization  in  the  three  starfish  species  under  con- 
sideration show  that  when  insemination  is  carried  out  soon  after  the  extrusion  of 
the  first  polar  body  (see  Delage,  1901),  the  eggs  fertilize  monospermically  and 
develop  normally,  at  least  in  the  early  stages.  In  all  three  species,  within  the 
minimum  of  20-30  seconds  which  is  required  for  insemination  and  adjustment  of 
high  dry  (phase  contrast)  focus,  the  inseminating  spermatozoan  has  become  at- 
tached to  the  vitelline  membrane  by  a  very  slender  filament  and  is  moving  steadily 
through  the  dense  jelly  layer.  About  the  time  it  reaches  the  vitelline  membrane, 
this  is  being  pushed  away  from  the  egg  surface  by  a  low  fertilization  cone.  The 
spermatozoan  traverses  the  intervening  membrane  and  can  be  seen  momentarily 
within  the  hyaline  protoplasm  of  the  cone,  which  becomes  somewhat  larger  but  is 
usually  restrained  during  its  developing  phase  by  the  very  slowly  rising  fertilization 
membrane  (see  Dan,  1950,  Fig.  7).  By  the  time  the  sperm  tail  is  nearly  inside 
the  egg,  the  membrane  has  lifted  away  from  the  degenerating  cone,  which  rather 
quickly  subsides  in  an  irregular  fashion  and  disappears  completely  within  6-10 
minutes  after  insemination. 

DISCUSSION 

The  fact  that  starfish  spermatozoa  can  be  shown  to  produce,  in  response  to  the 
stimulus  of  species  egg-water,  a  long,  slender  filament  which  coincides  in  appearance 
with  the  filament  supposed  by  various  workers  to  proceed  from  the  egg  surface, 
necessitates  a  reconsideration  of  the  evidence  on  which  this  supposition  was  based. 
Chambers  ( 1930)  cites  Fol  as  having  rejected  the  possibility  that  the  filament 
originated  in  the  spermatozoan  because  he  was  unable  to  detect  any  diminution  in 
the  size  of  the  heads  of  spermatozoa  attached  to  such  filaments.  For  the  following 
several  reasons  the  decision  seems  unavoidable  that  Fol  was  mistaken  in  drawing 
such  a  conclusion : 

1.  the  heads  of  starfish  sperm  are  far  from  uniform  in  size,  as  observed  in  the 
living  state,  under  phase  contrast  oil  immersion; 

2.  estimates  from  observations  of  living  sperm  and  electron  micrographs  indicate 
that  the  diameter  of  the  living  starfish  sperm  head  is  about  2  p,  which  is  too 
small,  even  with  modern  optical  equipment,  to  permit  accurate  estimation  of 
minor  changes  in  volume ; 

3.  calculations   based   on   measurements   of   electron   micrographs   of   osmium- 
vapor-fixed  sperm   beads  and  acrosome  filaments  indicate  that  loss  of  the 
volume  of  substance  contained   in  a   filament  25 /x  in  length  and  0.13^  in 
diameter  would  result  in  a  reduction  of  the  sperm  head  diameter  of  only 
about  2%; 

partial  separation  and  rounding-up  of  the  middle  piece  and  main  part  of 

rm  head  at  the  time  of  the  acrosome  reaction  produce  sufficient  change 

•cure  a  much  greater  lo>s  of  substance  than  that  necessary  to  produce 

lent. 
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Fol's  description  of  the  fertilization  process  in  echinoderms  was  so  detailed  and 
accurate  that,  as  Chambers  pointed  out  when  he  undertook  a  re-examination  of  the 
question  nearly  half  a  century  later,  "even  recent  textbooks  comment  upon  the 
completeness  of  his  observations"  (1923,  p.  821).  Although  Chambers  referred 
to  Fol's  idea  of  the  mechanism  in  starfish  eggs,  by  which  "the  presence  of  sperma- 
tozoa in  the  immediate  vicinity  causes  the  egg  to  respond  by  forming  on  its  surface 
a  conical  elevation  which  attracts  the  spermatozoan  from  a  distance"  as  "rather 
extraordinary"  (loc.  cit.),  he  followed  Fol  in  this  interpretation,  apparently  in  lieu 
of  sufficient  evidence  to  the  contrary. 

Chambers  found  that  when  starfish  eggs  are  in  the  optimum  condition  for  fer- 
tilization, the  process  takes  place  so  rapidly  that  the  filament  is  already  extending 
between  sperm  head  and  cone  tip  by  the  time  the  earliest  observation  can  be  made. 
Relying  on  Fol's  assumption  of  the  "attraction  cone"  as  the  site  of  origin  of  the 
filament,  Chambers  records  a  number  of  observations  in  this  and  his  later  paper 
(1930)  which  convincingly  serve  to  demonstrate  its  existence  and  show  that  it  is 
the  agency  by  which  the  spermatozoan  is  drawn  through  the  jelly  to  the  egg  surface. 
However,  the  best  evidence  which  he  could  muster,  in  the  course  of  the  two  studies, 
for  the  origin  of  the  filament  in  the  attraction  cone  depends  on  the  assumption  that 
sperm  entrance  takes  place  in  the  same  manner  whether  the  eggs  are  in  the  optimum 
condition  or  either  under-  or  over-mature.4 

It  is  well  known  that  in  sea  urchin  eggs  there  are  highly  significant  differences 
between  the  modes  of  sperm  entrance,  and  more  especially  between  the  reactions  of 
the  eggs  to  insemination,  under  different  conditions  of  maturity.  In  immature  eggs 
there  is  apparently  no  block  except  spatial  limitation  to  the  entrance  of  any  number 
of  sperm ;  no  fertilization  membrane  is  raised ;  and  the  only  apparent  response  of 
the  egg  cytoplasm  to  sperm  entrance  is  the  formation  of  conspicuous,  semi-perma- 
nent structures  on  the  surface  which  appear  to  be  bundles  of  protoplasmic  fibrils 
and  bear  little  resemblance  to  the  small,  rounded,  temporary  cones  of  normal  fer- 
tilization. Hobson  (1927)  found  that  in  the  oocytes  of  wisterias  nthois,  which  had 
the  germinal  vesicles  still  intact  and  were  "never  observed  to  cleave  or  to  complete 
their  maturation"  (p.  100),  the  reaction  to  sperm  entrance  was  so  similar  to  that 
reported  by  Seifritz  (1926)  in  oocytes  of  EcJiinaracIinins  parma  that  he  did  not 
bother  to  repeat  the  description. 

Since  the  optimal  condition  in  sea  urchin  and  sand  dollar  eggs  lasts  for  a  very 
long  period,  the  various  changes  in  the  fertilization  reaction  associated  with  the 
passage  of  time  may  equally  well  be  the  result  of  a  senescent  loss  of  vitality,  as  of  a 
condition  of  "over-maturity"  such  as  that  occurring  in  "post-optimal"  starfish  eggs, 
and  there  is  probably  little  profit  in  attempting  to  compare  the  two  sets  of  phe- 
nomena. 

Just,  on  the  other  hand,  attacked  the  interpretation  of  Fol  and  Chambers  on  the 
basis  of  his  own"  observations  of  starfish  eggs,  which,  he  wrote,  "indicate  that 
maturated  eggs  lose  the  capacity  for  normal  fertilization,  and  parallel  with  this  loss 
runs  the  production  of  filaments."  ".  .  .  the  production  of  filaments  by  Asterias 
ova  ...  as  a  response  to  insemination  is  a  phenomenon  quite  apart  from  the  behavior 

4  The  terms  "under-"  and  "over-mature'1  are  used  with  reference  to  the  "optimum  condition 
for  fertilization,"  which  lasts  only  during-  the  period  between  the  extrusion  of  the  first  and  second 
polar  bodies. 
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in  the  normal   fertilization  reaction"    (Just,    \()2(>,  p.   319).     "I'ol  used  stale  c</(/s. 
which  accounts  for  the  filament  formation"   (op.  cit..  p.  322). 

The  observations  of  other  workers,  then,  do  not  support  Chambers'  primary 
assumption,  that  the  fertilization  reaction  follows  the  same  process  regardless  of 
the  state  of  the  egg  with  respect  to  the  nieiotic  divisions.  As  a  result,  his  conclu- 
sion based  on  this  assumption,  that  since  filaments  have  been  observed  to  arise  from 
the  entrance  cones  in  immature  eggs  and  in  old  eggs,  the  filament  in  normal  fer- 
tilization must  necessarily  originate  in  the  same  way,  loses  much  of  its  validity. 

With  respect  to  eggs  in  the  optimum  condition  for  fertilization.  Chambers  says, 
"In  fresh  maturing  eggs  I  have  never  been  able  to  see  the  cone  without  also  seeing 
the  advancing  sperm  and  the  filament  connecting  the  two.  The  formation  of  the 
filament  is  apparently  too  rapid"  (1930,  p.  354).  This  is  the  fact  which  remains 
when  we  cancel  out  of  Chambers'  observations  the  influence  of  Fol's  dictum  that 
the  fertilization  filament  could  not  have  arisen  from  the  spermatozoan. 

On  the  other  hand,  while  Just  insists  that  a  strand  which  he  observed  connect- 
ing the  sperm  head  with  the  fertilization  cone  "is  a  prolongation  of  the  sperma- 
tozoon" (op.  cit.,  ]>.  321),  the  fact  that  he  based  his  observations  partly  on  fixed 
material  automatically  raises  a  question  as  to  their  value.  It  seems  obvious  that 
such  a  process  as  the  approach  of  a  spermatozoan  through  the  jelly  to  the  egg  sur- 
face cannot  be  preserved  in  successive  stages  by  any  of  the  ordinarily  used  methods 
of  fixation,  since  they  either  cause  the  jelly  laver  to  .shrink  or  dissolve  it  completely 
away.  In  the  best  case  the  exact  relation  of  the  sperm  to  the  egg  surface  could 
only  be  captured  by  fixation  after  the  spermatozoan  had  become  firmly  attached  to 
the  egg  cytoplasm. 

At  least  the  first  part  of  Just's  observation  seems  to  have  been  made  on  living 
material:  "The  intensely  active  spermatozoa  rush  toward  the  jelly  hull;  of  these, 
one  rapidly  moving  through  it  reaches  the  egg  within  5  seconds  after  insemination" 
(loc.  cit.).  In  the  experience  of  Chambers,  as  well  as  of  the  writer,  it  has  been 
lound  that  at  least  twenty  or  thirty  seconds  are  required  to  bring  the  freshly  in- 
seminated eggs  into  high  power  focus  and  discover  one  with  a  fertilizing  sperma- 
tozoan attached  exactly  in  the  largest  optical  section.  The  sperm  is  by  this  time 
already  connected  with  the  egg  surface  by  the  filament  in  question,  and  according 
to  Chambers'  figures  (1923,  Fig.  2.  a-c ;  1930,  Fig.  2,  A-H),  about  one  minute  more 
is  required  for  the  sperm  to  pass  through  the  jelly  layer  and  reach  the  surface  of 
the  vitelline  membrane.  Preliminary  observations  by  the  writer  on  wisterias 
(tiniirensis  showed  the  sperm  head  reaching  the  membrane  surface  about  two  min- 
utes after  insemination  (at  17°  C.).  In  .-Ister/na  pcctinijcra,  the  sperm  passed 
through  the  narrow  jelly  layer  within  50-60  seconds  after  insemination  (23°  C.). 
Astropecten  scoparius  has  a  somewhat  wider  jelly  laver,  which  the  sperm  crossed 
in  about  seventy  seconds  (  at  25°  C.). 

A  more  detailed  study  of  the  fertilization  reaction  in  the.se  three  species  will  be 
nted  in  a  later  paper;  these  preliminary  data  are  cited  as  the  basis  of  the  writer's 
inability  to  accept  Just's  figure'  of  live  seconds  as  the  time  required  for  a  sperma- 
to/uan  to  traver>e  the  jellv  layer  of  the  .Isterias  egg. 

Just  further  describes  the  process  as  he  saw  it  in  both  living  and  fixed  prepara- 
tions; "As  the  cone  grows  the  sperniato/oon  is  pushed  off  from  the  egg,  a  delicate 
strand  connecting  the  tip  with  the  apex  of  the  cone.  This  strand  never  attains  the 
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length  given  by  Fol,  and  of  course  could  never  therefore  be  equal  to  the  greater 
length  figured  by  Chambers"  (1929,  p.  321).  Just  does  not  explain  how  or  why 
such  a  structure  is  produced,  beyond  stating  categorically,  "'this  strand  is  a  pro- 
longation of  the  spermatozoon,  the  tip  of  wJiicJi  is  fixed  within  the  cone"  (Just's 
italics;  op.  cit..  p.  321).  In  the  conclusion  of  his  paper,  however,  he  draws  a 
comparison  which  probably  reveals  the  source  of  his  confidence  in  making  the  above 
statement :  "This  cone  in  Asterias  egg  closely  resembles  that  in  Nereis  egg,"  ex- 
cept for  the  time  factor.  "Moreover,  the  strand  between  the  sperm  head  and  the 
cone  in  both  cases  has  the  same  origin,  namely,  from  the  spermatozoon  itself"  (op. 
cit.,  p.  324). 

It  seems  doubtful  whether  this  analogy  provides  a  sufficiently  firm  basis  for  a 
flat  rejection  of  Chambers'  observations  as  well  as  his  interpretation. 

Since  Horstadius,  in  describing  fertilization  in  Astropectcn  tininciacus,  does  not 
mention  filaments  of  the  order  of  size  of  those  under  consideration,  a  discussion  of 
his  interpretation  of  the  process  is  not  strictly  appropriate  at  this  time.  How- 
ever, since  the  writer  has  clearly  observed  the  formation  of  acrosome  filaments  in 
response  to  egg-water  in  the  spermatozoa  of  Astropectcn  scoparins,  and  also  in  the 
fertilization  process,  it  appears  likely  that  in  A.  aranciacits,  also,  filaments  from 
the  sperm  acrosome  give  the  stimulus  for  the  elevation  of  the  cylindrical  cones 
observed  by  Horstadius.  That  author  himself  suggests  that  the  formation  of  very 
many  large  cones  is  a  characteristic  response  of  immature  eggs  to  insemination. 

To  summarize  this  discussion  concerning  the  origin  of  the  "fertilization  fila- 
ment"- —it  appears  that,  among  later  workers,  only  Chambers  actually  observed  the 
filaments  first  discovered  by  Fol.  Just's  categorical  statement  quoted  above  with 
respect  to  the  length  of  the  filament,  as  well  as  the  sequence  of  steps  in  its  forma- 
tion and  their  timing,  all  indicate  that  he  failed  completely  to  see  the  structure 
described  in  the  earlier  papers.  Moreover,  since  Chambers,  in  spite  of  his  ac- 
curate observation,  was  unable  to  establish  conclusively  the  origin  of  the  filament 
in  the  "attraction  cone,"  we  find  the  whole  weight  of  this  explanation  of  starfish 
fertilization  resting  upon  Fol's  assumption.  This,  in  turn,  depends  upon  his  be- 
lief that  he  should  have  been  able  to  observe  a  difference  in  the  size  of  sperm  heads 
before  and  after  the  extrusion  of  the  filament. 

If  the  criticisms  of  this  assumption  listed  above  be  allowed,  it  follows  that  no 
incontrovertible  evidence  has  been  presented  proving  that  the  filament,  observed 
by  Fol,  Chambers  and  the  writer  connecting  the  sperm  head  with  the  egg  surface, 
arises  from  the  egg.  There  is,  moreover,  no  other  case  in  animal  fertilization,  so 
far  as  the  writer  is  aware,  in  which  an  egg  has  been  shown  to  reach  out  and  capture 
a  spermatozoan. 

On  the  positive  side,  evidence  has  been  found  (unpublished  data  I  to  show  that 
the  acrosomes  of  sea  urchin  and  sand  dollar  spermatozoa  undergo  a  reaction,  in 
response  to  the  stimulus  of  species  egg-water,  which  can  most  readily  be  inter- 
preted as  providing  a  method  of  penetrating  the  first  serious  obstruction5  which 
the  spermatozoa  encounter  in  their  progress  toward  the  egg  pronucleus — the  vitel- 
line  membrane.  Since  the  tip  of  the  sperm  head  is  already  in  contact  with  the 
membrane,  the  liberation  of  a  1;  tic  substance,  together  with  the  reaction  of  the  egg 

5  In  these  species,  the  spermatozoa  swim  through  the  jelly  layer  in  a  radial  direction  with  at 
most  only  a  slight  reduction  in  speed. 
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cytoplasm  would  presumably  he  sufficient  to  effect  penetration.  In  the  case  of  the 
-tartish  egg,  on  the  other  hand,  an  impenetrable  jelly  layer  intervenes  between  the 
spermatozoan  and  the  living  egg  surface.  This  necessitates  the  extrusion  of  a 
projection  of  the  acrosome,  long  enough  to  cross  the  jelly  layer,  and  sufficiently 
rigid  to  penetrate  the  vitelline  membrane  and  establish  contact  with  the  reactive 
cytoplasm.  It  is  believed  that  these  conditions  are  fulfilled  by  the  filament  which 
is  extruded  from  the  starfish  acrosome  in  response  to  the  presence  of  species  egg- 
water. 

At  present  there  is  no  evidence  as  to  how  the  filament  is  drawn  into  the  egg 
cvioplasm.  That  such  a  process  is  entirely  possible  is  shown  by  the  fact  that  in 
tin  sea  urchin,  Mcspilia  </lolntlits,  the  entrance  of  the  sperm  tail  may  take  place 
very  slowly  (Dan,  1950),  so  that  the  sperm  aster  appears  and  even  syngamy  is 
complete  before  the  tail  is  more  than  halfway  into  the  egg.  In  this  case  it  is  im- 
possible to  imagine  that  the  motionless  tail  is  proceeding  under  its  own  motive 
power;  nevertheless,  its  whole  length  is  taken  into  the  cytoplasm  within  about  15 
minutes. 

Tyler  (1948)  has  suggested  an  explanation  of  the  starfish  filament  in  terms  of 
a  fertilizin-antifertilizin  interaction,  in  which  active  antifertilizin  groups  on  the 
sperm  would  combine  with  active  fertilizin  groups  on  the  micelles  of  the  jelly,  re- 
sulting in  precipitation,  or  contraction,  of  the  micelles.  Since  these  are  assumed 
to  be  anchored  to  the  surface  of  the  egg,  their  contraction  would  draw  the  sperma- 
tozoan a  slight  distance  toward  the  egg  and  into  contact  with  new  micelles,  where 
the  reaction  would  lie  repeated,  until  the  sperm  head  finally  reached  the  egg  surface. 

This  is  an  ingenious  attempt  to  fit  the  starfish  fertilization  process  into  the  gen- 
eral echinoderm  pattern,  and  represents  a  decided  advance  beyond  the  appeal  to 
a  mysterious  force  directing  an  attraction  cone  filament  to  a  waiting  spermatozoan. 
Observation  of  the  actual  fertilization  process  shows,  however,  that  the  filament 
has  already  attained  its  full  diameter  while  the  sperm  head  is  still  nearly  the  whole 
width  of  the  jelly  layer  a\vav  from  the  egg  surface,  and  no  change  in  this  diameter 
can  be  detected  as  the  sperm  head  approaches  the  egg.  Moreover,  it  seems  ques- 
tionable whether  a  filament  of  microscopically  observable  dimensions  could  be  pro- 
duced by  the  mechanism  suggested,  even  given  a  radial  arrangement  of  the  sub- 
microscopical  jelly  micelles.  Finally,  it  must  obviously  be  quite  hopeless  to  rely 
on  this  scheme  for  an  explanation  of  the  filaments  found  on  egg-water-treated 
spermatozoa. 

The  abrupt  extension  of  a  long,  slender  filament  is  a  phenomenon  already  famil- 
iar in  the  discharge  of  trichocysts  by  ciliates  and  nematocysts  by  the  coelenterates. 
Since   the   acro>oine   of  the   starfish   spermatozoan    measures   only   a    fraction   of  a 
micron,  it  seems  hardly  possible  that  any  very  complex  mechanism  could  be  con- 
ained  within  it.     This  is  one  consideration  in  favor  of  a  trichocyst-like  discharge 
nism.      However,    the    problem    is    within    the    range    of    direct    experimental 
and  further  discussion  will  be  reserved  until  evidence  is  available. 

•vriter  gratefully  acknowledges  the  unfailing  cooperation  of  the  staff  of  the 
;  rine  I'.iological  Station;  the  hospitality  of  the  Akke.shi  Marine  Biological 
Stati'-  iKkaido  University;  and  the  courtesy  of  the  Tokyo  Institute  of  Tech- 
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SUMMARY 

1.  When  the  spermatozoa  of  three  starfish  species,  Astcrlna  pcctinijcra,  Asterias 
amurensis  and  Astropectcn  scalar  ins,  are  suspended  in  a  dilute  (0.1-1.0%)  solution 
of  egg  albumin  in  sea  water  and  mixed  with  homologous  egg-water,  three  effects 
can  be  noted : 

a.  many  of  the  spermatozoa  are  agglutinated  by  their  heads,  forming  perma- 
nent clusters ; 

b.  from  the  center  of  the  acrosome  of  each  agglutinated  spermatozoan  there  has 
been  extended  a  long  (ca.  25  ju),  very  slender,  straight  filament  which  pos- 
sesses considerable  rigidity ; 

c.  in  all  the  spermatozoa  which  have  so  reacted,  there  is  a  rearrangement  of  the 
principal  parts,  so  that  the  middle  piece  is  less  tightly  apposed  to  the  head 
and  the  tail  appears  to  be  inserted  laterally,  between  the  head  and  middle 
piece. 

2.  A  critical  examination  of  the  widely  accepted  explanation  of  starfish  fer- 
tilization— that  the  effective  spermatozoan  is  drawn  through  the  jelly  layer  to  the 
egg  surface  by  a  filament  originating  in  an  "attraction  cone"-— shows  that  this  de- 
pends mainly  upon  an  assumption  made  by  Fol,  which  various  considerations  show 
to  be  of  doubtful  validity.     In  the  light  of  the  fact  that  starfish  spermatozoa  produce 
a  similar  filament  from  their  acrosomes,  on  contact  with  dissolved  jelly  substance, 
it  is  proposed  that  this  sperm  acrosome  reaction  is  the  source  of  the  filament  which, 
extending  through  the  jelly,  stimulates  the  egg  cortex.     Following  this  stimulation, 
the  egg  cytoplasm  draws  in  the  filament  with  the  attached  spermatozoan  and  simul- 
taneously forms  a  fertilization  cone  beneath  the  vitelline  membrane,  which  separates 
as  the  fertilization  membrane.     This  sequence  of  events  is  the  same  as  that  con- 
stituting the  fertilization  reaction  in  other  echinoderms. 
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COMPARATIVE  STUDY  OF  THE  GILL  AREA  OF  MARINE  FISHES 

I.  E.  GRAY 
Department  of  Zoology,  Duke  University,  Durham,  N.  C. 

Among  fishes  there  are  obvious  species  differences  in  number  of  gill  arches, 
as  well  as  in  number  and  length  of  gill  filaments.  Less  obvious  are  species  differ- 
ences in  number  and  size  of  the  respiratory  units,  the  gill  lamellae.  This  suggests 
that  there  is  also  variation  in  gill  surface  area  per  unit  of  size  of  fish.  Since  fishes 
occupy  a  variety  of  ecological  niches  it  is  of  interest  to  know  if  the  gill  area  may 
in  any  way  be  correlated  with  activity  and  habitat. 

Although  there  have  been  many  studies  on  the  anatomy  of  fish  gills,  only  a  few 
investigators  have  concerned  themselves  with  gill  area.  Riess  (1881)  was  among 
the  first  to  attempt  accurate  measurements  of  gill  surface.  He  found  that  pike  had 
125  sq.  mm.  of  respiratory  surface  per  gram  of  body  weight.  Putter  (1909)  de- 
termined gill  surface  area  of  a  few  fishes,  particularly  Scorpaena,  and  felt  that  the 
respiratory  surface  was  proportional  to  body  surface  but  not  to  body  weight  as 
maintained  by  Riess.  The  most  extensive  study  on  a  single  species  was  made  by 
Price  (1931),  who  followed  the  changes  in  gill  area  throughout  the  development 
of  small-mouthed  bass.  The  only  study  of  a  comparative  nature  appears  to  be  that 
of  Schottle  (1931),  who  found  a  reduction  of  gill  surface  in  terrestrial  gobiiform 
fishes  compared  to  strictly  aquatic  species. 

The  studies  reported  here  were  carried  out  exclusively  on  marine  teleost  fishes 
representing  twenty-three  families  and  thirty-one  species.  The  work  was  done  in 
part  at  the  Marine  Biological  Laboratory,  Woods  Hole,  Mass.,  and  in  part  at  the 
Duke  University  Marine  Laboratory,  Beaufort,  N.  C.  Partial  support  came  from 
the  Duke  University  Research  Council. 

For  permission  to  participate  in  a  cruise  of  the  Albatross  in  North  Carolina 
waters  when  several  dolphin  were  obtained,  and  for  use  of  laboratory  space  during 
part  of  one  summer,  grateful  acknowledgment  is  made  to  the  Institute  of  Fisheries 
Research  of  the  University  of  North  Carolina  and  to  the  U.  S.  Fish  and  Wildlife 
Station  at  Beaufort,  respectively. 

METHODS 

Each  gill  filament  is  made  up  of  numerous  respiratory  units,  the  lamellae  or 
platelets.  To  obtain  the  respiratory  area  of  a  fish  it  is  necessary  to  know  the  total 
area  of  the  lamellae.  It  is,  of  course,  impractical  to  measure  each  of  the  thousands 
of  lamellae  present;  consequently  a  sampling  method  must  be  employed. 

After  weighing  the  fish  and  making  outline  drawings  for  later  determination  of 
body  surface  area,  the  gill  arches  of  one  side  were  dissected  out,  carefully  separated, 
and  placed  in  dishes  of  sea  water,  one  arch  to  each  dish.  The  number  of  filaments 
on  each  side  of  each  arch  was  counted  under  a  dissecting  microscope.  The  average 
length  of  the  filaments  was  determined  by  measuring  every  tenth  filament  with 
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vernier  calipers.  From  these  measurements  the  average  length  of  the  filaments 
was  established.  By  placing  filaments  of  approximately  average  length  under  the 
low  power  objective  of  a  compound  microscope  and  using  either  a  stage  or  an 
ocular  micrometer,  the  number  of  lamellae  per  millimeter  of  filament  was  de- 
termined. \Yhat  appeared  to  be  lamellae  of  average  size  were  separated  from  fila- 
ments ot"  average  size  and  placed  on  slides.  Camera  lucida  drawings  were  then 
made  of  several  lamellae.  Usually  this  could  be  done  using  the  lower  power  ob- 
jective of  a  compound  microscope.  Planimeter  readings  were  made  of  the  camera 
lucida  drawings  and  an  average  taken. 

Knowing  the  number  of  gill  filaments,  the  average  length  of  the  filaments,  and 
the  number  of  lamellae  per  millimeter  of  filament,  the  total  number  of  gill  platelets 
was  readily  determined.  From  this  and  the  known  magnification  and  area  of  the 
camera  lucida  drawings,  the  total  area  of  gill  surface  could  be  computed. 

In  those  species  with  extremely  delicate  filaments,  the  task  of  obtaining  un- 
damaged platelets  was  facilitated  by  hardening  the  filaments  for  a  few  minutes  in 
formaldehyde  or  Bouin's  fluid.  The  central  cartilaginous  support  of  the  filament 
that  runs  through  each  lamella  was  not  included  in  the  computation  of  area.  Since 
the  lamellae  are  functional  on  both  sides  the  determined  area  was  doubled. 

Admittedly,  with  so  many  manipulations,  there  is  a  large  possibility  of  error  in 
determining  gill  area.  However,  all  specimens  were  treated  in  the  same  manner 
so  that  the  results  obtained  would  be  comparable. 

Body  surface  area  of  most  species  was  found  by  drawing  around  the  fish,  allow- 
ing for  body  thickness  and  omitting  dorsal,  anal  and  paired  fins,  and  determining 
the  area  of  the  outline  with  a  planimeter.  This  method  is  quite  adequate  for  de- 
pressed and  compressed  fishes,  such  as  goosefish  and  butterfish.  It  can  be  used 
with  more  difficulty  with  odd-shaped  fishes  like  sea  robins,  puffers,  and  toadfish. 
The  body  surface  areas  of  these  latter  species  were  also  determined  by  the  more 
laborious  method  of  covering  the  body  with  pieces  of  paper  and  making  planimeter 
readings  on  each  piece.  The  use  of  a  general  formula  for  determining  body  surface 
area  was  discarded  because  the  different  species  differed  in  form  and  weight  and  a 
correction  factor  for  each  species  would  first  have  to  be  obtained.  This  has  been 
discussed  in  a  previous  paper  (Gray,  1953). 

RESULTS  AND  DISCUSSION 

In  Table  I,  which  includes  31  species  representing  23  families  of  marine  teleosts, 
it  can  be  clearly  seen  that  species  differ  widely  in  number  of  respiratory  lamellae 
and  in  respiratory  area.  This  is  true  whether  comparison  is  based  on  unit  of  body 
weight  or  on  unit  of  body  surface.  In  this  table  species  are  arranged  in  descending 
order  of  gill  area  per  square  centimeter  of  body  surface.  The  contrast  in  respira- 
!'  TV  area  of  those  species  near  the  top  when  compared  with  those  near  the  bottom  is 
great.  One  familiar  with  common  marine  fishes  of  the  Atlantic  coast  will  see  a 
general  correlation  between  respiratory  area  and  species  activity. 

For  convenience  of  discussion,  and  with  no  sharp  demarcation  between  them, 
the  fishes  may  be  divided  into  three  groups. 

1.  . \etive,  schooling,  migrating,  fast  swimming,  streamlined  fishes  that,  at  least 
in  the  adult  stage,  seldom  frequent  the  smaller  estuaries.  To  this  group  clearly 
belong  the  mackerels,  menhaden,  dolphin,  bluefish.  At  least  during  the  summer 
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months  these  species  are  in  constant  motion  as  they  feed  on  plankton  or  follow 
schools  of  smaller  fish. 

II.  Fishes  of  moderate  activity,  estuarine  species  limited  in  their  daily  travels. 
These  include  such  species  as  scup,  sheepshead,  sea  bass  and  others  that  hang 
around  jetties,  wrecks,  piers,  etc.,  feeding  on  crustaceans,   molluscs,  and   sessile 
animals.     On  the  lower  fringes  of  this  group  may  be  included  tautog,  sea  robins 
and  puffers  that  spend  part  of  their  time  resting  on  the. bottom. 

III.  Relatively  sluggish  species  more  or  less  adapted  for  benthic  life.     Toadfish, 
goosefish,  and  flounders  are  good  examples. 


TABLE  I 
Gill  area  of  marine  fishes 


Gill  Area  (sq.  mm.) 

No.  of 

Average 

Lamellae 

Species  of  fish 

determi- 
nations 

weight 
(gms.) 

per  mm. 
of  fila- 
ment 

Per  gram  of 
body  weight 

Per  SQ.  cm.  of 
body  surface 

max. 

min. 

ave. 

max. 

min. 

ave. 

False  albacore,  Gymnosarda  alleterata 

1 

5216 

33 

1939 

I'M') 

1939 

4854 

4854 

4854 

Menhaden,  Brevoortia  tyrannus 

12 

613 

29 

2547 

1241 

1773 

2704 

1300 

1828 

Dolphin,  Coryphaena  hip  pur  us 

4 

4015 

26 

965 

618 

710 

1334 

971 

1169 

Bonito,  Sarda  sarda 

2 

2192 

31 

631 

558 

595 

1237 

1073 

1155 

Bluefish,  Pomatomus  saltatrix 

1 

1035 

29 

652 

652 

652 

841 

841 

841 

Common  mackerel.  Scomber  scombrus 

15 

182 

31 

1532 

802 

1158 

1103 

543 

838 

Spanish  mackerel,  Scomberomorus  macitlaliis 

2 

478 

29 

770 

768 

769 

731 

724 

728 

Jumping  mullet,  Mugil  cephalus 

9 

166 

27 

1105 

760 

954 

845 

538 

654 

Hard  tail,  Caranx  crysos 

3 

129 

39 

1048 

894 

982 

610 

567 

594 

Striped  bass,  Roccus  lineatus 

4 

3059 

19 

426 

148 

302 

818 

415 

592 

Sheepshead,  Archosargus  probaiocephalus 

6 

2366 

19 

467 

212 

328 

553 

333 

488 

Bur  fish,  Chilomycterus  schoepfi 

2 

316 

13 

449 

425 

437 

492 

482 

487 

Scup,  Slenotomus  chrysops 

7 

395 

26 

623 

391 

506 

612 

352 

478 

Tautog,  Taittoga  otiitus 

6 

580 

18 

519 

293 

392 

531 

317 

435 

Red-winged  sea  robin,  Prionotus  strigatus 

11 

460 

20 

768 

318 

483 

642 

191 

424 

Butterfish,  Poronotus  triacanthus 

9 

199 

31 

817 

386 

598 

572 

252 

411 

Sea  trout,  Cynoscion  regalis 

6 

807 

27 

593 

221 

373 

671 

253 

410 

Rudderfish,  Palinurichlhyes  perciformis 

6 

199 

24 

658 

377 

506 

550 

268 

388 

Remora,  Echeneis  naucrates 

2 

393 

22 

783 

314 

549 

— 

— 

— 

Puffer,  Spheroides  macidatus 

13 

250 

16 

956 

324 

470 

585 

232 

372 

Sea  bass,  Cenlroprislis  striatus 

4 

244 

21 

653 

439 

458 

480 

233 

361 

Goosefish,  Lophius  piscatorius 

3 

6392 

11 

267 

116 

196 

360 

245 

299 

Harvest  fish,  Peprilus  alepidatus 

T 

71 

26 

526 

483 

505 

257 

230 

244 

Conger  eel,  Leplocephalus  conger 

2 

2560 

19 

136 

134 

135 

224 

202 

213 

Brown  sea  robin,  Prionotus  carolinus 

2 

213 

20 

394 

326 

360 

225 

197 

211 

Cutlass  fish,  Trichinrus  lepturus 

3 

116 

31 

627 

361 

536 

244 

138 

198 

Common  eel,  Anguilla  rostrata 

4 

428 

19 

398 

183 

302 

236 

125 

193 

Fluke,  Paralichlhys  dentalus 

5 

766 

19 

328 

206 

242 

225 

134 

176 

Flounder,  Pseudopleitronectes  americanus 

2 

734 

18 

218 

183 

200 

134 

115 

125 

Toadfish,  Opsanus  tan 

58 

233 

11 

362 

94 

197 

226 

69 

125 

Sand  flounder,  Lophopsetta  macnlata 

1 

411 

20 

188 

188 

188 

90 

90 

90 

The  numbers  of  lamellae  per  mm.  of  gill  filament. are  also  included  in  Table  I. 
Here  again  it  is  found  that,  in  general,  the  most  active  fishes  have  smaller  lamellae 
placed  closer  together  than  do  the  more  sluggish  species.  Usually  a  large  number 
of  small  lamellae  means  more  surface  than  a  small  number  of  large  lamellae.  But 
of  course  other  factors  such  as  the  length  of  the  filaments,  the  number  of  filaments 
and  the  number  of  gills  are  also  important  in  determining  the  amount  of  gill  surface. 

Fishes  with  large  lamellae  spaced  far  apart  often  live  longer  out  of  water  than 
those  with  closely  packed  fine  lamellae.  A  toadfish  will  live  for  hours  on  the 
laboratory  floor ;  a  butterfish  dies  in  a  matter  of  minutes.  Delicate  closely  spaced 
lamellae  adhere  together  when  removed  from  an  aquatic  medium  and  the  func- 
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tional  surface  is  thus  greatly  reduced.  It  is  the  sluggish  fishes  with  low  metabolism 
that  have  the  widely  spaced  lamellae. 

In  gobies,  Schottle  (1931)  has  shown  that  those  capable  of  remaining  out  of 
water  have  gill  lamellae  so  arranged  as  not  to  collapse  when  the  fish  is  on  land. 

Criteria  for  estimating  degree  of  activity  are  unfortunately  not  based  on  oxygen 
consumption.  It  is  desirable  but  difficult  to  obtain  comparative  metabolism  data 
on  marine  fishes.  From  necessity  most  data  are  obtained  from  sluggish  and  moder- 
ately active  species.  Active  species  are  hard  to  keep  in  captivity,  or  even  to  get  to 
the  laboratory,  without  becoming  partially  asphyxiated.  Some,  and  this  has  been 
observed  particularly  in  the  family  Scombridae,  apparently  die  quickly  from  nervous 
exhaustion.  This  is  especially  true  of  schooling  fishes  when  separated  from  their 
companions.  However,  the  fact  that  it  is  difficult  to  maintain  these  fishes  in  the 

TABLE  II 
Order  of  rank  of  marine  fishes  based  on  number  of  lamellae  and  on  gill  area 


Gill  lamellae  per  mm.  of 

filament 

Gill  area  per  gram  of  body  weight 
(sq.  mm.) 

Gill  area  per  cm.  of  body 
(sq.  mm.) 

surface 

1. 

Mackerel 

31 

1. 

Menhaden 

1773 

1. 

Menhaden 

1828 

1. 

Butterfish 

31 

2. 

Mackerel 

1158 

2. 

Dolphin 

1169 

3. 

Menhaden 

29 

3. 

Mullet 

954 

3. 

Mackerel 

838 

4. 

Mullet 

27 

4. 

Dolphin 

710 

4. 

Mullet 

654 

5. 

Sea  trout 

27 

5. 

Butterfish 

598 

5. 

Striped  bass 

592 

6. 

Dolphin 

26 

6. 

Scup 

506 

6. 

Sheepshead 

488 

7. 

Scup 

26 

7. 

Rudderfish 

506 

7. 

Scup 

478 

8. 

Rudderfish 

24 

8. 

Sea  robin 

483 

8. 

Tautog 

435 

9. 

Sea  bass 

21 

9. 

Puffer 

470 

9. 

Butterfish 

429 

10. 

Sea  robin 

20 

10. 

Sea  bass 

458 

10. 

Sea  robin 

424 

11. 

Striped  bass 

19 

11. 

Tautog 

392 

11. 

Sea  trout 

410 

12. 

Sheepshead 

19 

12. 

Sea  trout 

373 

12. 

Rudderfish 

388 

13. 

Eel 

19 

13. 

Sheepshead 

328 

13. 

Puffer 

372 

14. 

Fluke 

19 

14. 

Striped  bass 

302 

14. 

Sea  bass 

361 

15. 

Tautog 

18 

15. 

Eel 

302 

15. 

Eel 

193 

16. 

Puffer 

16 

16. 

Fluke 

242 

16. 

Fluke 

176 

17. 

Toad  fish 

11 

17. 

Toad  fish 

197 

17. 

Toad  fish 

125 

laboratory  is  at  least  a  qualitative  indication  of  relative  activity  even  though  not  a 
quantitative  one.  It  is  these  species  that  have  the  greatest  relative  gill  surface. 

Researches  of  others  on  some  of  the  same  species  lend  support  to  the  theory 
that  the  active  fishes  have  higher  metabolism  than  bottom  dwellers.  Hall  and  Gray 
(1929)  in  their  hemoglobin  studies  showed  that  the  mackerel  with  43  and  the  men- 
haden with  41  were  relatively  high  in  mgs.  of  iron  per  100  cc.  of  blood,  in  contrast 
to  the  goosefish  with  14.7,  toadfish,  13.5,  and  sand  flounder,  11.5.  Scup  (25.3), 
sea  robin  (23.7),  and  puffer  (21.5)  were  intermediate.  Also,  Hall  and  Mc- 
Cutcheon  (1938)  have  pointed  out  a  correlation  of  hemoglobin  function  with  ac- 
tivity and  habitat  in  marine  fishes.  Mackerel  and  toadfish  represented  the  extremes 
of  the  fishes  they  studied,  with  scup  occupying  an  intermediate  position. 

Similarly,  Gray  and  Hall  (1930)  showed  that  active  fishes  had  greater  amounts 
of  blood  sugar  per  100  cc.  of  blood  than  did  less  active  species  (menhaden  75  mgs., 
mackerel  64,  scup  53,  sea  robin  37,  puffer  23,  toadfish  15,  and  goosefish  6). 
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Vernberg  and  Gray  (1953)  found  that  a  correlation  exists  between  oxygen 
consumption  of  excised  brain  tissue  and  activity  in  fishes.  The  O2  consumption  of 
menhaden  brain  was  found  to  be  nearly  twice  that  of  toadfish  brain,  with  moderately 
active  fishes  occupying  an  intermediate  position. 

Thus  it  seems  that  there  are  many  correlations  with  activity  and  it  is  not  sur- 
prising that  there  should  also  be  a  correlation  between  gill  area  and  activity. 

A  just  criticism  of  Table  I  could  be  that  in  many  cases  only  one  or  two  de- 
terminations were  made  and  with  the  possibility  of  such  a  large  potential  experi- 
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FIGURE  1.     Relative  gill  areas  of  marine  fishes.     A.  Per  sq.  cm.  of  body  surface  area. 

gram  of  body  weight. 


B.  Per 


mental  error  there  might  arise  a  question  of  accuracy.  However,  if  we  consider 
only  the  seventeen  species  for  which  four  or  more  determinations  were  made,  there 
still  remains  a  definite  correlation  with  activity.  This  is  shown  in  Table  II  where 
rank  in  order  of  number  of  lamellae  per  mm.  of  filament,  gill  area  per  gram  of  body 
weight  and  gill  area  per  square  centimeter  of  body  surface  are  given.  The  order 
shifts  a  little  in  the  three  columns  but  the  principle  still  holds:  active  fishes  in  gen- 
eral have  more  lamellae  per  mm.  of  filament,  and  greater  respiratory  area  per  unit 
of  weight  or  per  unit  of  body  surface. 
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A  more  serious  criticism  is  that  the  fish  studied  are  not  of  the  same  size.  This 
is  especially  significant  when  using  body  surface  area  as  a  basis  for  comparison, 
for  a  large  fish  has  a  relatively  smaller  body  surface  area  in  proportion  to  body 
weight  than  does  a  smaller  fish  of  the  same  species.  At  first  glance,  the  respira- 
tory area  of  the  false  albacore  per  square  centimeter  of  body  surface  may  seem  out 
of  line.  Unfortunately  only  one  determination  was  made  so  that  there  can  be  only 
speculation  as  to  accuracy.  However,  the  surface  area  of  this  fish  was  in  line  with 
that  of  other  scombrids  (Gray,  1953),  and  gill  area  determinations  were  rechecked. 
This  is  a  muscular,  fast  swimming  fish  with  relatively  small  body  surface  area  and 
it  is  to  be  expected  that  the  ratio  of  respiratory  area  to  body  surface  area  would 
be  high.  Attempts  to  obtain  gill  areas  of  larger  ocean  fishes  such  as  tuna  were  in 
vain.  If  one  may  be  permitted  to  speculate,  the  prediction  is  that  when  obtained, 
the  respiratory  area  of  a  large  tuna  in  relation  to  body  weight  will  be  found  to  be 
near  that  of  the  albacore,  but  will  exceed  that  of  the  albacore  by  many  times  when 
compared  to  body  surface  area. 

TABLE  III 
Respiratory  area  of  fislies  of  the  same  weight 


Fish 

Weight 

(gms.) 

Total  gill  area 
(sq.  mm.) 

Menhaden 

540 

821,079 

Sheepshead 

544 

254,237 

Tautog 

547 

198,201 

Toad  fish 

560 

72,871 

Menhaden 

620 

858,322 

Toadfish 

620 

86,867 

Figure  1  shows  graphically  the  relative  gill  area  of  several  species  of  teleost  fish, 
representing  different  degrees  of  activity,  compared  both  on  the  basis  of  unit  of 
body  surface  (A)  and  on  unit  of  body  weight  (B).  The  false  albacore  illustrates 
clearly  the  difficulty  in  comparing  fishes  of  vastly  different  sizes  on  the  basis  of 
body  surface.  This  streamlined  fish  was  not  only  much  larger  than  the  others  but 
also  had  an  extremely  large  gill  area.  It  seems  to  the  author  that  when  comparing 
gill  areas  of  fishes  of  different  species  and  differing  greatly  in  size  the  comparison 
is  more  satisfactorily  made  when  based  on  unit  of  weight  than  on  unit  of  body  sur- 
face area.  Certainly  the  weight  can  be  obtained  much  more  easily  and  accurately 
than  can  body  surface  area. 

Table  III  shows  that  when  fishes  of  approximately  the  same  weight  are  com- 
pared there  is  a  definite  species  difference  in  respiratory  area.  It  is  seen  here  that 
the  respiratory  area  of  the  active  menhaden  is  roughly  ten  times  that  of  the  sluggish 
toadfish  of  the  same  weight,  and  that  the  moderately  active  sheepshead  and  tautog 
occupy  an  intermediate  position. 

SUMMARY 

1.  The  gill  areas  of  31  species  of  marine  teleost  fishes  have  been  compared. 

Active,   fast   swimming,   schooling,    streamlined    fishes    (such   as   menhaden, 
mackerel,  bluefish)  have  relatively  much  greater  gill  areas  than  do  sluggish,  benthic 
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species  (toadfish,  goosefish,  flounders).     Fishes  of  moderate  activity  (scup,  sheeps- 
head,  sea  bass,  sea  robin,  puffer)  are  also  intermediate  in  gill  area. 

3.  Species  differences  in  gill  area  exist  whether  comparison  is  based  on  unit 
of  body  surface  area  or  on  unit  of  body  weight. 

4.  In  general  benthic  fishes  have  fewer  gill  lamellae  spaced  farther  apart  than 
do  fast  swimmers. 
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NITROGEN  METABOLISM  OF  THE  SLIME  MOLD  DICTYOSTELIUM 
DISCOIDEUM  DURING  GROWTH  AND  MORPHOGENESIS  x 

JAMES  H.  GREGG,  ALICE  L.  HACKNEY^  AND  JEROME  O.  KRIVANEK 

Department  of  Biology,  University  of  Florida,  Gainesville,  Florida 

Biologists  concerned  with  the  biochemistry  of  developing  organisms  would 
profit  from  analyzing  a  system  in  which  the  processes  of  growth  occur  independently 
from  those  of  morphogenesis.  The  desirability  of  such  a  system  has  been  em- 
phasized by  Needham  (1942).  The  slime  mold,  Dictyostelium  discoidcnm  Raper, 
an  organism  exhibiting  this  phenomenon  in  nature,  has  been  described  by  numer- 
ous authors,  among  them  being  Raper  (1941)  and  Bonner  (1944,  1947).  Hirsch- 
berg  and  Rusch  (1950,  1951)  have  indicated  the  suitability  of  the  slime  mold  for 
studies  of  the  biochemistry  of  development. 

In  view  of  current  findings,  however,  there  would  seem  to  be  no  further  justi- 
fication for  assuming  the  morphogenetic  phase  of  development  of  D.  discoidcum 
as  being  devoid  of  growth  processes  (Wilson,  1952,  1953).  In  consequence  it  may 
be  necessary  to  exercise  caution  before  associating  biochemical  and  other  data  with 
supposed  morphogenetic  phenomena.  However,  the  mitoses  and  meioses  occur 
only  during  particular  periods  of  morphogenesis  and  not  at  all  under  certain  condi- 
tions (Bonner  and  Frascella,  1952).  Therefore,  Bonner  and  Frascella  (1952) 
suggest  that  morphogenetic  movements  are  not  dependent  on  mitoses  occurring 
simultaneously. 

This  investigation  is  concerned  with  the  nitrogen  metabolism  occurring  in  the 
slime  mold  and  fragments  of  the  slime  mold  during  growth  and  morphogenesis. 
It  is  also  the  concern  of  this  paper  to  associate  these  biochemical  changes,  insofar 
as  possible,  with  morphological  changes  which  occur  during  development  of  the 
slime  mold. 

METHODS  FOR  DETERMINING  fiG.  N//XG  DRY  WT.S 

The  slime  molds4  were  cultured  according  to  the  method  of  Bonner  (1947). 
As  individual  slime  mold  pseudoplasmodia  vary  tremendously  in  size  (at  least  0.3- 
1.5  jug.  total  N)  (Gregg,  1950)  it  was  necessary  to  study  nitrogen  metabolism 
changes  on  the  basis  of  dry  weight.  In  order  to  weigh  samples  of  slime  mold  tissue 
it  was  necessary  to  utilize  a  quartz  helical  balance  having  a  range  of  from  1.0— 
1000.0  p,g.  The  slime  molds  of  various  stages  and  fragments  of  pseudoplasmodia 
(Fig.  1)  were  placed  upon  tared  bits  of  washed  and  dried  cigarette  paper  (area 
approx.  12  sq.  mm.).  The  slime  mold  tissues  were  dried  in  a  vacuum  desiccator 

1  This  investigation  was  supported  in  part  by  a  research  grant  G-3616  from  the  National 
Institutes  of  Health,  Public  Health  Service. 

Present  address:  School  of  Medicine,  Vanderbilt  University,  Nashville,  Tennessee. 

3  The  authors  extend  appreciation  to  the  Biology  Division,  Oak  Ridge  National  Laboratory, 
Oak  Ridge,  Tenn.,  for  the  loan  of  certain  items  of  equipment. 

4  The  cultures  of  D.  discoidcum  were  kindly  provided  by  Dr.  John  Bonner,  Dept.  of  Biology, 
Princeton  University,  Princeton,  N.  J. 
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TABLE  I 

Ranges  of  dry  weight  and  nitrogen  determined  by  analyses  of  whole  and  fragments 
of  slime  molds  during  the  growth  and  morphogenetic  stages 


Type  of  determination 

Vegetative 
amoebae 

Migrating  pseu- 
doplasmodia 

Mature  soro- 
carps 

Spores 

Stalks 

jug.  dry  weight 

56.2-179.0 

70.4-203.0 

35.6-127.0 

40.5-146.0 

24.2-47.6 

jug.  nitrogen 

5.35-18.0 

4.40-20.8 

3.03-11.6 

3.38-14.6 

0.38-2.96 

at  room  temperature  or  in  a  drying  oven  at  60°  C.  for  approximately  twelve  hours. 
The  samples  were  then  weighed  on  the  quartz  helical  balance  (Table  I).  The 
weighed  samples  of  slime  mold  tissues  were  then  analyzed  for  total  N  (TN).  The 
magnitude  of  the  dry  weight  and  total  nitrogen  of  the  samples  is  shown  in  Table  I. 
The  nitrogen  determinations  were  made  by  a  modification  of  the  method  of 
Bruel  ct  al.  (1946).  The  results  were  expressed  as  ^g  N/^g  dry  wt.  Controls 
were  conducted  during  the  experiments  by  analyzing  cigarette  paper  for  the  pres- 
ence of  traces  of  nitrogen. 

GROWTH  PHASE 
Vegetative  amoebae:  Figure  1 

The  vegetative  amoebae  were  prepared  for  analysis  by  the  following  steps : 
1.  Harvested  from  four  Petri  dishes  by  rubbing  the  agar  surfaces  with  a  glass 
rod  in  the  presence  of  approximately  10  ml.  of  distilled  HoO.     Amoebae  and  H2O 
were  filtered  through  a  small  bit  of  cotton  to  remove  agar  particles. 


A-Vegetative  Amoebae 
B -Migrating  Pseudoplasmodia 
C -Mature  Sorocarps 
D  -Spore  Cells 
E  -Stalk  Cells 

F  -Region  at  which  spores  and  stalks 
were  separated  by  forceps 


A  B  C 

FIGURE  1.     Diagram  of  the  growth  and  morphogenetic  stages  of  the  slime  mold,  D.  discoideum, 

used  in  the  analyses. 
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2.  Amoebae  centrifuged  5-10  minutes  in  a   15-ml.  centrifuge  tube  at  approxi- 
mately 800  g. 

3.  Supernatant  removed  and  discarded.     The  amoebae  and  E.  coll  at  bottom 
of  tube  placed  on  surface  of  10  ml.  of  0.95  M  sucrose  solution  in  a  15-ml.  centrifuge 
tube.     Material  centrifuged  5  minutes  at  approximately  500  g. 

4.  Supernatant   removed   and    discarded.     Amoebae    placed    in    fresh    tube    of 
0.95  M  sucrose  and  centrifuged  5  minutes  at  approximately  500  g. 

5.  Supernatant  removed  and  discarded.     Amoebae  suspended  in  distilled  FLO 
and  recentrifuged  5  minutes  at  approximately  800  g. 

6.  Supernatant  discarded  and  slime  molds  transferred  to  tared  cigarette  papers 
for  drying,  weighing  and  nitrogen  analyses.     The  transfer  was  made  with  a  thin- 
walled  Pyrex  glass  pipette  approximately  0.5  mm.  I.D.  at  the  tip. 

Centrifugation  of  the  slime  mold  amoebae  and  E.  coll  in  0.95  M  sucrose  tends 
to  decrease  the  number  of  bacteria  which  are  thrown  to  the  bottom  of  the  cen- 
trifuge tube.  Upon  microscopic  examination  of  such  preparations,  very  few  bac- 
teria were  seen.  It  is  believed  that  the  relatively  low  numbers  of  bacteria  present 
eliminate  the  possibility  of  significant  interference  by  extraneous  nitrogen  in  the 
analyses  of  the  vegetative  amoebae. 

Vegetative  amoebae  subjected  to  the  0.95  M  sucrose  washing  treatment,  as 
described  in  steps  1-5,  when  placed  on  an  agar  surface  aggregated  and  produced 
normal-appearing  mature  sorocarps. 

MORPHOGENETIC    PHASE 

Migrating  pscudoplasinodia:  Figure  1 

Between  ten  and  twenty  migrating  pseudoplasmodia  were  transferred  from  the 
agar  surface  to  the  tared  cigarette  papers  with  a  hair  loop.  The  tissues  were  dried, 
weighed  and  analyzed  for  total  nitrogen  (TN). 

Mature  sorocarps:  Figure  1 

Between  fifteen  and  twenty-five  mature  sorocarps  were  transferred  from  the 
agar  surface  to  the  tared  cigarette  papers  with  fine-tipped  forceps.  They  were 
dried,  weighed  and  analyzed  for  total  nitrogen  (TN). 

Spores  and  stalks:  Figure  1 

The  mature  sorocarps  were  separated  into  spores  and  stalks  with  fine-tipped 
forceps  and  transferred  to  tared  cigarette  papers.  They  were  dried,  weighed  and 
analyzed  for  total  nitrogen  (TN). 

RESULTS 
Total  nitrogen  (TN).     Table  II 

The  migrating  pseudoplasmodia  contain  slightly  less  TX  relative  to  their  dry 
weight  than  the  vegetative  amoebae.  This  9.13%  loss  is  not  statistically  sig- 
nificant (P  >  0.05). B 

However,   during   the   transition    from   the   migrating   pseudoplasmodia   to   the 

1'  values  in  this  investigation  were  calculated  by  Student's  t-test. 
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mature  sorocarps,  the  TN/dry  wt.  ratio  decreases  14.6%  relative  to  that  of  the 
migrating  pseudoplasmodia.  Thus  the  mature  sorocarps  have  been  shown  to  con- 
tain significantly  less  TN/dry  wt.  than  the  migrating  pseudoplasmodia  (P  <  0.01). 
Analyses  of  the  spores  and  stalks  separately  have  shown  that  the  observed  loss 
of  TN/dry  wt.  from  the  mature  sorocarp  did  not  come  from  the  spores  during 

TABLE  II 

Analyses  of  nitrogen  components  of  the  vegetative  and  morphogenetic  stages  expressed  as  fj.g  N/dry 
weight.  These  ratios  represent  the  actual  values  with  their  standard  deviations  X  W.  The  dry  weight 
values  necessary  in  determining  the  final  values  of  the  various  components  other  than  total  nitrogen  were 
calculated  from  the  total  nitrogen/dry  weight  data.  The  numerals  in  parentheses  refer  to  the  number 
of  experiments  performed. 


Nitrogen  component 

Vegetative 
amoebae 

Migrating  pseu- 
doplasmodia 

Mature  soro- 
carps 

Spores 

Stalks 

I  \ 
TEN 
TEPN 
TNPN 
TUN 
TUN+TEPN 

10.30    ±0.691   (8) 
5.70   ±2.47     (7) 
4.75    ±2.61     (7) 
0.999  ±0.3  15  (7) 
5.22    ±2.54     (7) 
9.97    ±1.46     (7) 

9.36  ±1.52     (14) 
6.81  ±0.730     (4) 
5.  66  ±0.260     (4) 
1.36  ±0.5  75     (4) 
3.  77  ±0.409     (4) 
9.43  ±0.641      (4) 

7.99  ±0.650  (14) 
4.49  ±0.976     (4) 
2.81  ±0.957     (4) 
2.31  ±0.784     (4) 
3.61  ±0.735     (4) 
6.42  ±0.509     (4) 

9.59  ±2.94     (11) 
6.  20  ±2.80       (5 
2.63  ±0.656     (5) 
1.86  ±0.469     (5) 
4.83  ±1.04       (5) 
7.46  ±1.06       (5) 

4.73    ±1.55     (11) 
3.30    ±1.33       (4) 
0.987  ±0.333     (4) 
1.71    ±0.212     (4) 
2.00    ±0.684     (4) 
2.98    ±0.776     (4) 

TN  = :  Total  nitrogen 

TEN  =  Total  extractable  nitrogen 

TEPN  =  Total  extractable  protein  nitrogen 

TNPN  =  =  Total  non-protein  nitrogen 

TUN  =  Total  un-extractable  nitrogen 

TUN  +  TEPN  =  =  Total  un-extractable  nitrogen  +  total  extractable  protein  nitrogen 

culmination,  since  actually  a  slight  increase  (2.46%)  occurred  in  the  TN/dry  wt. 
ratio  of  the  spores,  relative  to  that  of  the  migrating  pseudoplasmodia.  This  differ- 
ence was  not  statistically  significant  (P  >  0.7). 

The  stalks,  however,  were  shown  to  have  lost  a  statistically  significant  amount 
of  TN/dry  wt.  (49.5%)  relative  to  the  migrating  pseudoplasmodia  (P  <  0.001). 


mini 


t 

6 

CJ 


22mm. 


FIGURE  2.     Diffusion  cell  with  hanging  drop  of  0.01   N  H.SO4  to  absorb  NH3  liberated  by  the 

slime  molds. 


The  loss  of  TN/dry  wt.  which  was  detected  in  the  analyses  of  mature  sorocarps 
relative  to  the  migrating  pseudoplasmodia  may  be  attributed  to  an  excretion  of 
ammonia.  The  fact  that  ammonia  is  excreted  by  the  slime  mold  D.  discoidewn  in 
detectable  quantities  was  determined  by  two  methods. 

The  first  method  consisted  in  placing  approximately  twenty-four  migrating 
pseudoplasmodia  on  non-nutrient  or  nutrient  agar  in  a  small  Conway  type  vessel 
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TABLE  III 

(A7/;i)  excreted  by  D.  discoideum  during  the  transition  from  migrating 
pseudoplasmodia  to  mature  sorocarps  determined  by  litration 


Mean  no.  of  slime  molds 
per  diffusion  cell 

Mg.  N 

jig.  N  —  control 

No.  of  experiments 
performed 

24 
0  (control) 

0.009 

0.545  ±  0.0153 

3 

1 

(Fig.  2).  A  drop  (11.8  /*!.)  of  0.01  N  H2SO4  was  placed  on  a  paraffined  glass 
slide,  inverted  and  sealed  to  the  vessel  by  means  of  a  paraffin-vaseline  mixture  or 
Lubriseal  stopcock  grease.  The  slime  molds  were  allowed  to  culminate  completely. 
The  drop  of  0.01  N  H2SO4  was  then  titrated  to  a  methyl  red  end-point  with  a 
micro  burette  containing  0.01  M  NaOH  (Gregg,  1950)  (fable  III). 

The  second  method  was  conducted  similarly  to  the  first  with  the  exception  that 
approximately  2.0  /A.  of  Nessler's  reagent  was  added  to  the  acid  drop  rather  than 
titrating  it.  Nessler's  reagent  gave  a  strong  positive  reaction,  demonstrating  the 
presence  of  ammonia  in  the  acid  drop.  Controls  involving  Nessler's  reagent  gave 
very  weak  positive  results  relative  to  the  experimentals.  These  experiments  have 
shown  beyond  doubt  that  ammonia  is  lost  from  the  organism  during  certain  of  its 
developmental  processes. 

\Yith  a  view  to  detecting  possible  changes  in  nitrogenous  components  which 
might  be  masked  if  total  nitrogen  analyses  alone  were  considered,  the  various  stages 
and  fragments  of  the  slime  molds  were  fractionated  in  the  manner  described  in 
Table  IV.  The  fractions  were  designated  as  total  extractable  nitrogen,  total  ex- 
tractable  protein  nitrogen,  total  non-protein  nitrogen,  total  un-extractable  nitrogen 
and  total  un-extractable  nitrogen  +  total  extractable  protein  nitrogen. 


TABLE  IV 

Scheme  designating  source  of  various  nitrogen  components  of  slime  mold  tissues  analyzed  by  micro- 
Kjcldalil  procedure.      {Modified  from  Gregg  and  Ballantine,  1946) 

Slime  mold  tissues 

Homogenize  in  extractant  composed  of  0.65%  NaCI  in  0.01  M  phosphate 
buffer  at  pH  7.2  and  dilute  to  150  jul.  with  extractant 

I 
Remove  20-30  /A.  for  total  nitrogen  (TN) 

Centrifuge  remainder  15  minutes  at  1000  g  in  Misco  Air  turbine 


Participate  matter       Remove  30 


analyzed  for  total 
unextractable 
nitrogen  (TUN) 


Ail.  of  super- 
natant for 
analysis  of 
I  dial  ex- 
tractable 
nitrogen 
(TEN) 


Remove  80  [A.  of  supernatant. 
1  VproU'inize  with  15  jul.  of  0.67 
H2SO4  followed  by  8  Ml.  of  10% 
Na2WO,|.     Centrifuge  15  minutes 
at  1000  g  in  Misco  air  turbine. 
Analyze  precipitate  for  total 
extractable  protein  nitrogen 
(TEPN).     Analyze  entire  super- 
natant for  total  non-prolfin 
nitrogen  (TNPN). 
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The  slime  molds  were  harvested  from  the  agar  surfaces  by  the  techniques  de- 
scribed previously  (Steps  1-5)  with  the  exception  that  the  preparations  were  homo- 
genized immediately  on  the  ground  glass  surface  of  a  micro-homogenizer  (Fig.  3) 
rather  than  being  subjected  to  a  weighing  procedure  on  the  quartz  helical  balance. 
The  magnitude  of  the  nitrogen  present  in  each  of  the  five  components  is  listed  in 
Table  V. 

Total  extractable  nitrogen  (TEN).     Table  II 

The  12.0%  increase  in  TEN/dry  wt.  of  the  migrating  pseudoplasmodia  was  not 
shown  to  be  statistically  significant  relative  to  that  of  the  vegetative  amoebae 
(P  >  0.3).  The  TEN/dry  wt.  content  of  the  mature  sorocarps  exhibited  a  34.1% 
decrease  from  that  of  the  migrating  pseudoplasmodia.  This  difference  is  statis- 
tically significant  (P  <  0.01). 

From  the  examination  of  the  TEN/dry  wt.  values  of  the  spores  and  stalks  it 
may  be  seen  that  a  51.5%  loss  from  the  stalks  constitutes  the  major  part  of  the  de- 
crease noted  in  the  mature  sorocarps.  This  difference  is  statistically 


significant 


TABLE  V 


Ranges  of  nitrogen  in  various  components  determined  by  analyses  of  whole  and  fragments 
of  the  slime  molds  during  the  growth  and  morphogcnetic  stages 


Nitrogen 
component 
analyzed 

Vegetative 
amoebae 

Migrating  pseu- 
doplasmodia 

Mature  soro- 
carps 

Spores 

Stalks 

Mg.  TN 

4.29-18.1 

2.21-10.0 

0.85-3.33 

1.02-3.37 

0.34-0.82 

Mg.  TEN 
Mg.  TEPN 

1.43-19.8 
2.59-47.1 

4.13-12.1 
11.0-20.9 

2.28-4.69 
2.89-6.49 

0.89-5.87 
0.89-3.26 

0.27-0.75 
0.27-0.75 

Mg.  TNPN 
Mg.  TUN 

1.45-5.50 
17.7-37.7 

2.0-6.33 

12.3-25.0 

1.60-6.36 
4.21-21.6 

0.57-2.46 
3.62-10.9 

0.56-1.11 
1.23-1.63 

(P  <  0.01)  while  the  8.96%  difference  in  TEN/dry  wt.  between  the  spores  and 
migrating  pseudoplasmodia  was  not  statistically  significant  (P  >  0.6). 

Total  extractable  protein  nitrogen  (TEPN).     Table  II 

The  11.9%  increase  in  TEPN/dry  wt.  which  the  migrating  pseudoplasmodia 
exhibit  relative  to  that  of  the  vegetative  amoebae  is  not  statistically  significant 
(P  >  0.4).  The  mature  sorocarps,  however,  show  a  significant  decrease  of  50.4% 
of  their  TEPN/dry  wt.  when  compared  to  that  of  the  migrating  pseudoplasmodia 
(P  <  0.01).  The  decrease  occurs  from  both  the  spores  and  the  stalks.  Values  of 
other  nitrogen  components  of  the  spores,  specifically,  TN/dry  wt.,  TEN/dry  wt., 
and  TUN/dry  wt.,  suggested  that  little  nitrogen  utilization  occurs  in  that  region. 
The  53.5%  decrease  of  the  spore  TEPN/dry  wt.  from  that  of  the  migrating  pseudo- 
plasmodia is  statistically  significant  (P  <  0.001)  and  is  indicative  of  protein  me- 
tabolism within  the  spores  which  has  been  masked  in  previous  analyses  by  the 
presence  of  other  nitrogenous  components,  namely  TNPN/dry  wt.  and  TUN/dry 
wt.  The  stalks  show  a  decrease  of  TEPN/dry  wt.  amounting  to  82.5%  of  the 
initial  amount  present  in  the  migrating  pseudoplasmodia.  This  difference  is 
statistically  significant  (P  <  0.001). 
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Total  c.rtracttihlc  non-protein  nitrogen  (TNPN).     Table  II 

The  value  of  the  TNPN/dry  wt.  of  the  migrating  pseudoplasmoclia,  although 
36.1%  greater  than  that  of  the  vegetative  amoebae,  is  not  significantly  different 
(P  >  0.1).  The  mature  sorocarps  show  a  69.9%  greater  TNPN/dry  wt.  content 
than  the  migrating  pseudoplasmodia.  Statistical  analysis,  however,  fails  to  con- 
firm what  appears  to  be  a  significant  difference  (P  >  0.05).  The  spores  and  stalks 
>how  increases  relative  to  the  migrating  pseudoplasmodia  of  36.8%  and  25.7%, 
respectively.  Neither  of  these  increases  is  significantly  different  from  the  migrat- 
ing pseudoplasmodia  (P  >  0.1  and  P  >  0.2).  It  is  possible  to  compute  the  entire 
amount  of  non-protein  nitrogen  produced  by  making  the  assumption  that  the  losses 
observed  between  certain  of  the  TN/dry  wt.  values  of  the  various  stages  resulted 
from  an  excretion  of  non-protein  nitrogen.  These  values,  in  addition  to  the  re- 
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FIGURE  3.     Micro-homogenizer  constructed  from  a  5/20  Pyrcx  interconnecting   joint. 

tained  non-protein  nitrogen  values,  comprise  the  entire  quantity  of  non-protein 
nitrogen  produced.  Figure  4  demonstrates  that  the  observed  increase  of  the  entire 
TNPN/dry  wt.  during  development  may  be  attributed  to  a  quantitatively  similar 
utilization  of  the  TEPN  +  TUN/dry  wt.  component.  The  greatest  discrepancy  is 
found  at  the  migrating  stage  since  the  level  of  TNPN/dry  wt.  is  in  excess  of  that 
which  can  be  accounted  for  by  a  breakdown  of  the  TEPN  +  TUN/dry  wt.  com- 
ponent. The  excess  TNPN/dry  wt.  can  possibly  be  attributed  to  digestion  of  in- 
ted  /:.  coli  with  consequent  production  of  non-protein  nitrogen. 

'/'old!  nn-e.vtractable  nitrogen  (TUN).     Table  II 

The  TUN/dry  wt.  content  of  the  migrating  pseudoplasmodia  shows  a  decrease 
of  \  relative  to  the  vegetative  amoebae.     This  decrease  is  not  statistically  sig- 

nificant   d*    >0.2).     The  mature  sorocarps  show  a  4.24%  decrease  as  compared 
to  the  migrating  pseudoplasmodia.      Neither  this  decrease  nor  the  28.1%   increase 
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STAGES   AND  FRAGMENTS  OF  SLIME  MOLDS 

FIGURE  4.  Graph  relating  the  accumulated  quantity  of  the  TEPX  --  TUX/dry  wt.  com- 
ponent metabolized  during  development  with  the  consequent  increase  in  TXPX/dry  \vt.  The 
accumulated  TXPX/dry  \vt.  was  computed  from  the  values  of  the  retained  TXPX/dry  \\-t. 
plus  that  excreted  from  the  organism  as  calculated  from  the  decreases  in  TX /dry  wt. 

in  the  TUX/dry  wt.  component  of  the  spores  differs  significantly  from  the  value  of 
the  migrating  pseudoplasmodia  (P  >  0.7  and  P  >  0.05).  The  slight  but  in- 
significant decrease  in  TUX  dry  wt.  indicated  in  the  mature  sorocarps  results  from 
the  46.9%  decrease  of  TUX  dry  wt.  which  occurs  in  the  stalks.  Relative  to  the 
migrating  pseudoplasmodia  this  decrease  has  been  shown  to  be  statistically  sig- 
nificant (P  <  0.01).  It  appears  as  though  this  component  is  utilized  by  the  stalks 
as  well  as  the  TEPX/dry  wt.  during  the  culmination  of  the  slime  mold. 

Total  extractable  protein  nitrogen  +  total  un-extractable  nitrogen  (TEPX 
+  TUN}.     Table  II 

\Yhen  the  sum  of  the  two  components  TEPX/dry  wt.  and  TUX  dry  wt.  was 
calculated  it  was  found  that  the  migrating  pseudoplasmodia  do  not  show  a  statis- 
tically significant  decrease  (5.42%)  relative  to  the  vegetative  amoebae  (P  >  0.5). 
During  culmination,  however,  a  31.9%  decrease  in  the  component  TEPX  +  TUN/ 
dry  wt.  occurred  in  comparison  with  the  migrating  pseudoplasmodia.  This  differ- 
ence is  statistically  significant  (P  <  0.001).  Both  the  spores  and  the  stalks  con- 
tributed to  this  decrease  noted  in  the  mature  sorocarps.  The  decreases  of  the 
spores  and  stalks  from  the  migrating  pseudoplasmodia  amounted  to  20.7%  and 
68.4 rr.  respectively.  These  differences  are  statistically  significant  (P  <  0.02  and 
P<  0.001). 
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DISCUSSION 

Nitrogen  changes  occurring  during  tJie  transition  from  the  vegetative  amoebae  to 
//;<•  migrating  pseudoplasmodia 

The  levels  of  the  various  nitrogenous  components,  total  nitrogen/dry  wt.,  total 
extractable  nitrogen/dry  wt.,  total  extractable  protein  nitrogen/dry  \vt.,  total  non- 
protein  nitrogen/dry  wt.  and  total  un-extractable  nitrogen/dry  wt.  of  the  vegetative 
amoebae  and  the  migrating  pseudoplasmodia  were  investigated.  These  values  in- 
dicate that  statistically  significant  nitrogen  changes  do  not  occur  during  the  transi- 
tion from  the  vegetative  amoebae  to  the  migrating  pseudoplasmodia. 

Xitrogcn   cJianges   occurring   during    the    transition   from    the   migrating   pseudo- 
plasmodia to  the  mature  sorocarps 

The  total  nitrogen/dry  wt.  shows  a  statistically  significant  decrease  during  the 
transition  from  the  migrating  pseudoplasmodia  to  the  mature  sorocarps.  The 
assumption  has  been  made  that  this  decrease  reflects  a  loss  of  nitrogen  resulting 
from  the  excretion  of  ammonia.  The  excretion  of  ammonia  during  this  period  has 
been  demonstrated. 

By  a  fractionation  procedure  it  was  possible  to  demonstrate  that  this  loss  of 
total  nitrogen/dry  wt.  results  from  the  metabolism  of  the  total  extractable  protein 
nitrogen/dry  wt.  component.  The  increase  in  total  non-protein  nitrogen/dry  wt. 
resulting  from  nitrogen  metabolism  during  this  period  has  been  found  to  be  quan- 
titatively equivalent  to  the  decrease  noted  in  the  total  extractable  protein  nitrogen 
+  total  un-extractable  nitrogen/dry  wt.  component  (Fig.  4). 

It  was  of  interest  to  determine  in  which  region  of  the  pseudoplasmodium  par- 
ticular nitrogenous  components  were  being  utilized  during  the  transition  from  the 
migrating  stage  to  the  mature  sorocarp.  In  order  that  this  might  be  accomplished, 
the  mature  sorocarps  were  separated  into  their  major  morphological  entities,  the 
spores  and  stalks.  In  analyzing  the  spores  it  was  found  that  no  loss  of  total  nitro- 
gen/dry wt.  occurs.  Therefore,  the  loss  of  total  nitrogen/dry  wt.  observed  in  the 
intact  mature  sorocarps  can  be  attributed  to  a  decrease  of  total  nitrogen/dry  wt.  in 
the  stalks.  The  nitrogenous  components  responsible  for  the  decrease  of  total 
nitrogen/dry  wt.  in  the  stalks  were  shown  to  be  total  extractable  protein  nitrogen/ 
dry  wt.  and  total  un-extractable  nitrogen/dry  wt.  The  spores,  too,  show  a  de- 
crease in  total  extractable  protein  nitrogen/dry  wt.,  although  of  a  smaller  magnitude 
than  that  of  the  stalks.  The  spores  do  not  show  a  loss  in  total  nitrogen/dry  wt. 
as  simultaneous  increases  of  other  nitrogenous  components  are  sufficient  to  mask 
the  loss  of  total  extractable  protein  nitrogen/dry  wt. 

From  these  data  it  is  reasonable  to  suggest  that  both  pre-spores  and  pre-stalks 
utilize  proteins  during  the  culmination  process  of  morphogenesis.  Since  the  pre- 
stalk  cells  are  primarily  responsible  for  raising  the  spore  mass  (Bonner,  1944; 
l\a])cr  and  Fennell,  1952)  it  is  not  surprising  that  the  metabolic  requirements  of  the 
stalk-forming  cells  differ  somewhat  from  those  of  the  spore  cells.  During  culmina- 
tion the  stalk  cells  build  a  cellulose  sheath  around  themselves  and  cellulose  is 
deposited  in  the  walls  of  the  spore  cells  (Raper  and  Fennell,  1952).  It  is  suggested 
that  the  slime  mold  probably  does  not  carry  sufficient  carbohydrate  reserves  both 
to  synthesize  cellulose  and  to  utilize  for  purposes  of  obtaining  energy.  In  this 
event  proteins  could  be  converted  into  cellulose  or  used  for  energy  production. 
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While  it  is  difficult  to  establish  for  which  of  these  events  protein  metabolism  is 
taking  place,  it  is  interesting  to  point  out  that  the  major  nitrogen  changes  occur 
during  the  culmination  process,  at  which  time  the  spore  and  stalk  cells  are  formed. 
While  these  data  are  suggestive  of  a  relationship  between  protein  metabolism  and 
cellulose  synthesis  the  hypothesis  does  not  preclude  the  activity  of  other  intrinsic 
mechanisms  dependent  upon  protein  breakdown. 

SUMMARY 

1.  Equipment  and  procedures  incidental  to  determining  the  nitrogen  metabolism 
of  the  vegetative  amoebae,  whole  pseudoplasmodia,  and  fragments  of  pseudoplas- 
modia  of  the  slime  mold  Dictyostclium  discoideum  during  growth  and  morpho- 
genesis have  been  described. 

2.  During  the  transition  from  the  vegetative  amoebae  to  the  migrating  pseudo- 
plasmodia no  statistically  significant  changes  were  found  in  any  of  the  nitrogenous 
components  under  investigation. 

3.  During  the  transition  from  the  migrating  pseudoplasmodia  to  the  mature 
sorocarps  statistically  significant  decreases  were  found  in  certain  nitrogenous  com- 
ponents. 

4.  By  analyzing  spores  and  stalks  separately  it  was  possible  to  attribute  nitrogen 
changes  occurring  in  the  intact  mature  sorocarps  to  particular  regions. 

5.  The  excretion  of  ammonia  during  the  transition  from  the  migrating  pseudo- 
plasmodia to  the  mature  sorocarps  was  demonstrated. 

6.  The  relationship  between  nitrogen  metabolism  and  the  synthesis  of  cellulose 
was  discussed. 
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EVIDENCE  FOR  A  SWARMING  SUBSTANCE  x  WHICH  STIMULATES 

COLONY  FORMATION  IN  THE  DEVELOPMENT  OF 

PEDIASTRUM  DUPLEX  MEYEN  - 

JOHN  G.  MONER 
Department  of  Biology,  Princeton  University,  Princeton,  ./Vrzy  Jersey  3 

The  life  cycle  of  the  colonial,  green  alga  Pediastrum  has  been  known  since  the 
studies  of  Braun  (1855),  Askenasy  (1888),  Smith  (1916)  and  Harper  (1913, 
1916,  1918a,  1918b).  The  colonies  or  coenobia  of  this  organism  are  commonly 
found  in  fresh  water  and  are  disk-shaped  in  form.  The  cells  of  the  colony  are 
arranged  in  a  single  layer  with  the  marginal  cells  usually  differing  from  those  of 
the  interior  by  possessing  one  or  two  prongs  or  processes  produced  radially  out- 
ward. The  number  of  cells  in  a  colony  varies  but  in  general,  can  be  described  by 
the  simple  formulation  2N,  the  common  range  being  eight  to  sixty-four.  Asexual 
reproduction  involves  the  formation  of  biflagellate  zoospores  which  arise  through 
successive  nuclear  divisions,  followed  by  progressive  cleavage  of  the  cell  chloro- 
plast.  After  the  zoospores  have  been  formed  they  are  discharged  through  a 
crescent-shaped  slit  in  the  mother  cell  wall  and  are  enclosed  in  a  thin,  transparent 
sac  or  vesicle.  At  first,  they  form  an  irregularly  shaped  mass,  but  after  three  to 
four  minutes  of  active  movement,  they  slow  down  forming  a  flat  plate  of  cells. 
Complete  cessation  of  movement  then  follows  and  prong  formation  begins  and  is 
completed  in  a  matter  of  minutes. 

Although  details  of  the  life  cycle  have  long  been  known,  little  work  has  been 
done  concerning  the  factors  affecting  the  production  of  zoospores  and  their  release 
to  form  new  colonies.  The  purpose  of  the  study  presented  in  this  paper  was  to 
examine  the  characteristics  of  growth  and  reproduction  in  Pediastrum  when  grown 
in  culture  and  to  investigate  the  role  of  certain  factors  which  influence  these  proc- 
esses. The  results  will  be  concerned  with  such  aspects  as  the  time  at  which  colony 
formation  begins  and  how  its  initiation  is  affected  by  pH  and  aged  medium.  Evi- 
dence will  be  presented  for  the  occurrence  of  a  substance  or  group  of  substances  in 
aged  medium  which  can  alter  the  time  at  which  colony  production  begins,  the  num- 
ber of  colonies  produced  and  the  size  of  these  colonies  in  terms  of  cell  number. 

MATERIALS  AND  METHODS 

The  species  of  P edict stnnn  used  in  this  study  was  P.  duplex  Meyen  (from 
Malham)  and  was  provided  by  E.  G.  Pringsheim  of  the  Cambridge  University 
Botany  School  in  unialgal,  non-bacteria-free  culture.  It  was  grown  in  this  form 

1  The  word  "substance"  is  used  to  denote  one  or  more  substances  active  in  stimulating  colony 
formation  in  Pediastrum  duplex  Meyen. 

-  This  paper  represents  a  part  of  a  dissertation  in  Biology  presented  to  the  faculty  of  Prince- 
ton University  in  partial  fulfillment  of  the  requirements  for  the  degree  of  Doctor  of  Philosophy. 

3  Present  address :  Tropical  Research  Medical  Laboratory,  A. P.O.  851  C/O  Postmaster, 
New  York,  New  York. 
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on  mineral  medium  No.  8  according  to  Chu  (1942)  with  10%  soil  extract  added. 
All  of  the  cultures  used  in  this  section  were  prepared  under  sterile  conditions  and 
grown  in  Ehrlenmeyer  flasks. 

For  most  of  the  experiments  the  culture  vessels  were  placed  in  a  trough  with 
tap  water  circulating  through  it  to  maintain  a  relatively  constant  temperature. 
The  lighting  was  provided  by  two  15-watt  daylight  General  Electric  "fluorescent" 
bulbs  set  parallel  26  cm.  apart  in  a  wooden  housing  and  elevated  25  cm.  above  the 
culture-containing  trough.  In  one  experiment  only  (Section  A),  the  culture  was 
not  grown  in  a  water-circulated  trough  but  was  simply  placed  on  a  wooden  platform 
and  allowed  to  grow  at  room  temperature  (24-28°  C).  This  culture  was  illumi- 
nated by  a  100- watt  tungsten  filament  bulb  housed  in  a  desk-type  lamp  and  placed 
40  cm.  in  front  of  the  culture.  In  all  cases  the  lighting  was  continuous  throughout 
the  course  of  the  experiment.  It  should  be  noted  that  temperature  was  not  con- 
tinuously recorded  by  any  mechanical  device  but  that  periodic  measurements  were 
made  daily  using  a  standard  mercury  thermometer.  When  the  cultures  were 
grown  in  the  water-circulated  trough  the  temperature  of  the  circulating  water  was 
determined ;  when  a  culture  was  grown  in  the  open  air  the  temperature  of  a  flask 
of  water  placed  next  to  the  culture  flask  was  determined.  The  constancy  of  the 
light  source  (i.e.,  intensity  and  wave-length)  was  also  not  strictly  controlled.  It 
was  felt  by  the  author  that  the  aim  of  this  investigation  did  not  necessitate  the  use 
of  rigid  controls  of  temperature  and  light  since  in  every  experiment  both  control  and 
experimental  cultures  were  grown  under  identical  conditions.  Any  investigation 
of  the  effects  of  temperature  and  light  on  the  phenomena  reported  in  this  paper 
would,  of  course,  require  strict  control  of  these  two  factors  and  it  is  hoped  that  a 
study  of  this  nature  will  be  possible  during  the  course  of  future  work. 

For  counting  the  number  of  colonies  in  a  culture,  two  counting  chambers  were 
used :  The  Levy  hemacytometer  and  the  Sedgwick-Rafter  counting  chamber.  For 
determining  colony  number  with  the  Levy  hemacytometer  the  method  for  counting 
leucocytes  was  used  according  to  the  following  formulation : 

Colonies  counted  X  dilution  X  104 

Colomes/cc.  =    -^ 7-^—  — 5— 

No.  of  1  sq.  mm.  areas  counted 

To  determine  colony  number  with  the  Sedgwick-Rafter  counting  chamber  the  num- 
ber of  colonies  in  one  pathway  was  counted  using  a  10  X  objective  and  20  X  ocular 
and  the  following  formulation  used : 

Colonies/cc.  =  17  X  colonies  in  one  pathway  X  dilution  X  2. 

The  colonies  were  always  fixed  in  2-3%  formalin  before  counting.  In  all  experi- 
ments but  one  the  Sedgwick-Rafter  chamber  was  used  to  determine  colony  number. 
To  determine  cleavage  number  the  colonies  were  fixed  in  formalin-aceto-alcohol 
and  stained  with  Harris'  hematoxylin  according  to  the  method  of  Johansen  (1940). 
A  drop  of  suspension  containing  stained  colonies  was  then  placed  under  a  cover 
slip,  sealed  with  paraffin  and  the  number  of  cells  showing  cleavage  figures  was 
recorded  for  150  colonies  counted.  To  make  these  counts  the  95  X  oil  immersion 
objective  and  10  X  ocular  were  used.  pH  measurements  were  made  with  a  Cam- 
bridge pH-Meter  Laboratory  Model-L. 
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A.  Quantitative  relations  of  growth  and  colony  production 

At  the  outset  of  this  work  on  Pcdiastrmn  it  was  desirable  to  obtain  large  num- 
bers of  swarming  colonies  in  a  relatively  short  time.  To  accomplish  this,  large 
inocula  of  5  cc.  for  every  50  cc.  of  fresh  medium  were  used  in  preparing  cultures. 
"When  this  was  done  it  was  noticed  that  swarming  occurred  in  great  numbers  at  a 
specific  time  after  inoculation  and  that  it  seemed  to  last  for  only  a  few  days.  The 
time  that  swarming  or  colony  production  began  could  be  predicted  with  reasonable 
accuracy  in  succeeding  cultures  inoculated  in  the  same  manner  from  the  same  stock. 
Virtually  no  swarming  was  found  in  the  cultures  prior  to  this  swarming  period  and 
after  it  was  completed. 
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FIGURE  1.  Graph  showing  colony  production  and  cleavage  activity  curves.  Open  circles 
represent  colony  production  and  black  dots  represent  cleavage  activity. 

FIGURE  2.  Graph  showing  colony  production  in  fresh  or  control  medium  and  in  aged  medium 
after  0  (E-l),  1  (E-2)  and  2  (E-3)  days'  growth  in  fresh  or  control  medium. 


In  order  to  obtain  a  quantitative  description  of  colony  formation  as  a  function 
of  time  the  following  experiment  was  performed :  a  culture  was  started  consisting  of 
50  cc.  of  fresh  medium  inoculated  with  a  5-cc.  suspension  of  99-day  old  stock  cul- 
ture and  grown  in  a  125-cc.  flask.  The  lighting  was  provided  by  a  100- watt  tung- 
sten filament  bulb  and  the  experiment  run  at  room  temperature  (24—28°  C. ;  see 
Materials  and  Methods).  One-cc.  aliquots  were  removed  daily  from  the  culture, 
fixed  and  colony  number  determined  using  a  Levy  hemacytometer  chamber.  In 
the  results  in  Figure  1  it  is  seen  that  no  colony  production  occurs  in  the  culture  up 
to  17-i  hours  but  that  a  sudden  burst  begins  at  197  hours  and  lasts  for  78  hours  at 
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which  time  it  begins  to  level  off.  The  final  number  of  colonies  is  approximately 
8  times  the  value  of  the  starting  colonies  which  is  what  would  be  expected  if  the 
original  mean  colony  size  was  8  cells  (see  Discussion).  Cleavage  counts  were 
made  to  see  whether  cleavage  activity  coincided  with  the  burst  phase  of  the  curve. 
In  the  graph  of  Figure  1  this  activity  is  expressed  as  the  number  of  cells  showing 
cleavage  figures  per  colony  and  it  can  be  seen  that  there  is  a  correlation  between 
colony  formation  and  cleavage  activity.  It  should  be  noted  that  although  no 
swarming  takes  place  in  the  culture  up  to  173  hours,  considerable  growth,  in  terms 
of  colony  size,  occurs  during  this  period. 
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FIGURE  3.  Graph  showing  colony  production  in  fresh  or  control  medium  and  in  aged  medium 
after  0  (E-l),  2  (E-2)  and  4  (E-3)  days'  growth  in  fresh  or  control  medium. 

FIGURE  4.  Graph  showing  results  obtained  when  colonies  are  placed  in  aged  medium  one 
day  prior  to  the  time  they  will  swarm  in  fresh  or  control  medium.  Open  circles  represent 
colony  production  in  the  control  and  black  dots  represent  colony  production  in  the  experimental. 

B.  Evidence  for  a  substance  in  the  aged  medium  affecting  colony  reproduction 

The  curious  nature  of  the  swarming  curve  suggested  the  possibility  of  some 
change  occurring  in  the  medium  which  might  initiate  swarming  or  colony  forma- 
tion. Experiments  were  performed  to  test  how  colony  production  was  affected 
by  moderately  aged  medium,  in  which  swarming  had  occurred.  In  the  first  ex- 
periment 150  cc.  of  fresh  medium  were  inoculated  with  15  cc.  of  a  53-day  old  stock 
culture  and  placed  in  a  500-cc.  flask  to  serve  as  standard  culture.  Aged  medium 
was  obtained  from  a  19-day  old  culture  from  which  the  colonies  had  been  removed 
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by  centrifugation.  Using  the  standard  culture  and  aged  medium  the  following 
cultures  were  prepared : 

Control :  30  cc.  of  standard  culture.     Prepared  at  zero  time. 

Experimental  No.  1 :  Colonies  from  30  cc.  of  standard  culture,  fresh  medium 

removed  and  replaced  by  30  cc.  of  aged  medium.     Prepared  at  zero  time. 
Experimental  No.  2 :  Colonies  from  30  cc.  of  standard  culture  after  one  day's 

growth,  fresh  medium  removed  and  replaced  by  30  cc.  aged  medium. 
Experimental  No.  3 :  Colonies  from  30  cc.  of  standard  culture  after  two  days' 

growth,  fresh  medium  removed  and  replaced  by  30  cc.  aged  medium. 

One-cc.  aliquots  were  removed  daily  from  all  the  cultures  and  colony  number  de- 
termined. The  temperature  maintained  throughout  the  course  of  the  experiment 
was  20  ±  2°  C.  In  the  results  shown  in  Figure  2  it  is  seen  that  the  control  shows 
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FIGURE  5.  Graph  showing  results  obtained  when  colonies  are  grown  in  unautoclaved  and 
autoclaved  aged  medium  after  0  (E-l)  and  2  (E-2)  days'  growth  in  fresh  or  control  medium. 

FIGURE  6.  Graph  showing  the  final  percentage  distribution  of  four-,  eight-  and  sixteen- 
celled  colonies  produced  in  the  control  and  the  unautoclaved  and  autoclaved  aged  medium  cul- 
tures of  Figures  3  and  5. 


the  familiar  swarming  burst  after  144  hours  but  that  all  three  experimentals  show 
a  substantial  increase  in  colony  number  after  73  hours.  The  longer  the  colonies 
grow  in  fresh  medium,  the  greater  the  level  of  colony  production  reached  after  they 
are  transferred  to  aged  medium.  None  of  the  experimental  cultures  produce  as 
many  new  colonies  as  the  control. 

In  a  repeat  experiment  similar  to  the  preceding  one  colonies  were  allowed  to 
grow  in  fresh  or  control  medium  for  0  (Exp.  No.  1),  2  (Exp.  No.  2}  and  4  (Exp. 
No.  3)  days  before  being  transferred  to  aged  medium.  The  standard  culture  was 
prepared  from  a  58-day  old  stock  culture  and  the  aged  medium  was  obtained  from 
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a  15-day  old  culture.  In  the  results  shown  in  Figure  3  it  is  apparent  that  all  three 
experimental  cultures  show  colony  production  before  the  control  does.  Once 
again,  the  longer  the  colonies  grow  in  fresh  or  control  medium  the  greater  the 
number  of  new  colonies  they  produce  when  transferred  to  aged  medium.  The 
colonies  grown  for  4  days  in  fresh  or  control  medium  prior  to  transfer  to  aged 
medium  show  a  final  level  of  colony  production  very  close  to  that  of  the  control. 

Figure  4  shows  the  results  obtained  when  colonies,  one  day  prior  to  the  time 
they  will  normally  begin  swarming,  are  placed  in  8-day  old  aged  medium.  In  this 
experiment  the  colonies  had  been  growing  three  days  in  fresh  medium  when  they 
were  placed  in  aged  medium.  The  standard  culture  was  prepared  using  87-day  old 
stock  culture  and  the  temperature  maintained  throughout  the  course  of  the  experi- 
ment was  19  ±  2°  C.  It  is  seen  that  although  both  cultures  begin  swarming  at 
the  same  time  the  experimental  shows  a  greater  burst.  Essentially  the  same  final 
level  of  colony  production  is  reached  in  both  cultures. 


TABLE  I 

Final  distribution  of  colony  types  produced  in  the  control  and  experimental 

cultures  of  Figures  3  and  5. 


4-celled  colonies 

8-celled  colonies 

16-celled  colonies 

Culture 

New  colonies/cc. 

%  of  total 

New  colonies/cc. 

%  of  total 

New  colonies/cc. 

%  of  total 

E-l 

1,112 

8.52 

8,588 

65.8 

3,356 

25.7 

E-2 

756 

1.52 

33,568 

67.6 

15,331 

30.8 

E-3 

0 

0 

50,837 

26.0 

144,983 

74.0 

Control 

0 

0 

20,624 

9.95 

186,497 

90.0 

Aut.  E-l 

4,427 

13.9 

25,826 

81.2 

1,571 

4.94 

Aut.  E-2 

1,163 

1.17 

80,294 

80.5 

18,403 

18.4 

C.  The  effect  of  high  temperature  on  the  activity  of  the  aged  medium 

To  test  the  effect  of  high  temperature  on  the  activity  of  aged  medium  the  follow- 
ing experiment  was  performed :  Aged  medium  used  in  the  second  experiment  re- 
ported in  section  B  was  autoclaved  for  30  minutes  under  15  lbs./in.2  pressure  at 
121°  C.  Colonies  were  placed  in  this  autoclaved  aged  medium  after  0  and  2  days 
growth  in  fresh  medium  and  the  cultures  wrere  run  simultaneously  with  Experi- 
mentals  No.  1  and  No.  2  of  the  second  experiment  reported  in  section  B,  both  of 
which  contained  unautoclaved,  aged  medium.  From  the  results  shown  in  Figure 
5  it  is  evident  that  the  two  autoclaved  experimentals  show  colony  production  at  the 
same  time  as  the  unautoclaved  counterparts.  However,  the  colonies  placed  in 
autoclaved  aged  medium  after  0  days  growth  in  fresh  medium  produce  3  times  as 
many  new  colonies  as  the  unautoclaved  partner,  while  those  placed  in  autoclaved 
aged  medium  after  two  days'  growth  in  fresh  medium  produce  almost  twice  as 
many  new  colonies  as  the  unautoclaved  partner. 

Table  I  and  Figure  6  show  the  per  cent  distribution  of  4-,  8-  and  16-celled 
colonies  produced  by  the  control  and  three  experimental  cultures  of  the  second 
experiment  reported  in  section  B  and  the  two  autoclaved  aged  medium  experi- 
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mentals  of  this  section.  The  results  show  that  the  longer  the  colonies  are  kept  in 
the  control  medium  before  transfer  to  aged  medium,  the  greater  the  tendency  to 
produce  colonies  with  larger  cell  number. 

D.  The  role  of  pH  of  the  medium 

Two  experiments  were  performed  to  determine  whether  the  effect  of  aged 
medium  in  causing  premature  colony  formation  was  due  to  pH  change  in  the 
medium.  Since  the  medium  is  poorly  buffered  it  was  thought  that  pH  change 
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FIGURE  7.  Graph  showing  curves  of  colony  production  and  pH  change  of  the  medium  dur- 
ing colony  production.  Open  circles  represent  colony  production  and  black  dots  represent  pH 
change. 

FIGURE  8.  Graph  showing  results  obtained  when  colonies  are  grown  in  pH-regulated 
medium  (7.31)  after  0  (E-l)  and  2  (E-2)  days'  growth  in  fresh  or  control  medium.  Open 
circles  connected  by  continuous  line  represent  colony  production  in  the  control ;  open  circles 
connected  by  dotted  line  represent  colony  production  in  pH-regulated  E-l  and  black  dots  repre- 
sent colony  production  in  pH -regulated  E-2. 

might  be  an  influencing  factor.  A  culture  was  started  consisting  of  200  cc.  of  fresh 
medium  inoculated  with  20  cc.  of  56-day  old  stock  culture  and  grown  in  a  500-cc. 
flask.  Two  (5-cc.)  aliquots  were  removed  daily  and  pH  and  colony  number  de- 
terminations made.  The  temperature  maintained  throughout  the  course  of  the 
experiment  was  19  ±  2°  C.  Figure  7  shows  the  results  obtained.  It  is  clear  that 
change  ol"  pi  I  from  the  acid  to  the  basic  side  occurs  during  the  growth  and  repro- 
duction of  Pediastrum  under  these  culturing  conditions;  pH  changed  from  an  initial 
6.13  to  a  final  8.60  but  there  does  not  appear  to  be  any  sudden  increase  in  pH 
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at  the  time  of  colony  formation.     Instead  a  gradual,  continuous  increase  occurred 
both  prior  to  and  during  this  phase. 

Since  pH  change  did  occur  in  the  medium  during  the  development  of  Pediastrum 
another  experiment  was  performed  to  test  whether  this  change  was  the  causative 
influence  in  the  premature  swarming  effect  of  aged  medium.  In  this  experiment 
th  pH  of  fresh  medium  (6.29)  was  regulated  with  0.1  N  NaOH  to  that  of  the  aged 
medium  used  in  the  second  experiment  of  section  B  (7.31).  Colonies  were  placed 
in  this  pH-regulated  medium  after  0  and  2  days'  growth  in  fresh,  unregulated 
medium  and  the  culture  was  run  simultaneously  with  the  control  and  Experimental 
No.  1  and  No.  2  of  the  second  experiment  of  section  B.  In  the  results  shown  in 
Figure  8  it  is  seen  that  both  pH-regulated  cultures  show  the  swarming  burst  at  ap- 
proximately the  same  time  as  the  control.  The  colonies  receiving  the  pH-regu- 
lated  medium  after  two  days'  growth  in  fresh  unregulated  medium  apparently  re- 
spond somewhat  later  than  those  of  the  control.  When  the  experiment  was  com- 
pleted the  pH  of  the  control  was  7.51,  the  2-day  aged  medium  experimental  (Exp. 
No.  2)  was  7.50  and  the  2-day  pH  regulated  experimental  was  7.72. 

DISCUSSION 

It  has  been  shown  for  the  first  time  that  colonies  of  Pediastrum  when  grown  in 
cultures  using  large  inocula  in  fresh  media  exhibit  two  developmental  phases.  The 
first  is  a  latent  period  which  may  last  for  3-7  days,  in  which  the  colonies  grow  but 
do  not  reproduce.  The  second  phase  is  a  very  active  period  of  swarming  or  colony 
production  which  lasts  3-4  days  during  which  all  the  cells  in  the  initial  inoculum  give 
rise  to  new  colonies.  Cleavage  activity,  as  would  be  expected,  has  been  shown  to  be 
quite  synchronous  with  this  period.  That  essentially  all  the  cells  in  the  original 
colonies  give  rise  to  new  colonies  can  be  demonstrated  by  determining  the  average 
number  of  cells  per  colony  in  the  inoculum  and  multiplying  this  value  by  the  num- 
ber of  colonies  present.  In  the  experiment  concerning  colony  type  distribution  the 
control  showed  an  average  colony  size  of  14.0  cells/colony  and  a  colony  number  of 
18.718/cc.  in  the  starting  culture.  If  all  the  cells  gave  rise  to  colonies  then  the 
value  reached  by  the  control  after  swarming  should  be  (14.0)  (18,718)  or  262,052/ 
cc.  The  actual  value  reached  by  the  control  is  reasonably  close:  252,450/cc. 

The  fact  that  cultures  exhibit  a  latent  period  might  have  initially  been  interpreted 
as  some  inherent  time  lag  in  the  ability  of  the  colonies  to  reproduce  during  this 
period.  However,  the  results  show  that  by  placing  colonies  in  medium  in  which 
swarming  has  occurred  colony  formation  can  be  induced  prematurely.  The  longer 
the  preliminary  period  of  growth  in  control  or  fresh  medium,  the  greater  the  num- 
ber of  colonies  produced  after  transfer  to  aged  medium  and  the  more  closely  the 
resulting  swarming  curve  resembles  that  of  the  control.  Coincident  with  these 
changes  is  the  gradual  increase  in  colony  size  in  terms  of  cell  number  as  the  pre- 
liminary period  of  growth  in  control  or  fresh  medium  is  lengthened.  Again,  the 
longer  this  preliminary  period  of  growth  the  more  closely  the  colony  type  distribu- 
tion resembles  that  of  the  control.  It  appears  evident  that  the  latent  period  in  the 
normal  swarming  curve  of  Pediastrum  is  one  in  which  the  competence  of  the 
colonies  to  reproduce  is  ever  increasing.  This  might  conceivably  be  a  function  of 
critical  size  whereby  colonies  which  are  too  small  and  immature  to  reproduce  are 
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transformed,  during  the  period  of  growth,  into  colonies  of  adequate  size.  The 
longer  this  period  of  growth  the  more  abundant  the  number  of  colonies  reaching 
reproductive  maturity.  The  fact  that  colonies  can  reproduce  during  the  latent 
period,  and  yet  do  not,  indicates  that  the  proper  stimulus  for  reproduction  is  not 
present  at  this  time.  The  evidence  indeed  indicates  that  the  swarming  burst  is  a 
response  to  some  substance  or  substances  accumulating  in  the  medium  during  the 
growth  of  the  colonies  and  that  the  latent  period  is  simply  an  index  of  the  time 
required  for  the  substance  to  reach  a  threshold  concentration.  That  the  action  of 
this  substance  is  not  through  a  pH  effect  has  been  shown  by  placing  colonies  in 
medium  the  pH  of  which  has  been  regulated  to  that  of  aged  medium  and  yet  the 
pH-regulated  medium  has  no  stimulating  effect  but  parallels  normal  control  medium. 
The  substance  is  not  only  heat-stable,  but  for  some  reason,  has  its  activity  enhanced 
by  high  temperature.  This  increase  in  activity  could  conceivably  be  caused  by  the 
removal  or  breakdown  of  inhibitory  factors  present  in  the  medium,  or  to  the  pro- 
duction of  breakdown  products  which  can  further  induce  colony  formation. 

The  origin  of  the  swarming  substance  cannot  be  determined  unequivocally  from 
these  experiments.  The  possibility  of  bacterial  origin  exists  and  can  only  be  ruled 
out  through  repeat  experiments  with  pure  cultures. 

It  is  known,  however,  that  certain  algae  do  produce  substances  capable  of  in- 
fluencing growth.  Lefevre,  Jacob  and  Nisbet  (1952)  in  their  studies  on  various 
fresh  water  algae  have  found  evidence  for  the  production  of  substances  which  can 
inhibit  not  only  the  growth  of  the  algae  producing  them  (autoantagonism)  but  the 
growth  of  other  species  of  algae  as  well  (heteroantagonism).  Extensive  work  with 
Pandorina  and  Sccncdcsuius  has  revealed  the  production  by  these  organisms  of 
inhibitors  which  the  authors  have  named  Pandorinine  and  Scenedesmine,  respec- 
tively. These  substances,  in  addition  to  being  autoantagonistic  in  their  inhibitory 
power,  will  inhibit  the  growth  of  several  other  algae  including  various  species  of 
Pediastrum.  It  is  indeed  interesting  that  boiling  the  inhibitor  usually  lowered  its 
inhibitory  effect  and,  in  some  instances,  actually  caused  it  to  give  an  enhancement 
of  growth.  This,  in  some  respects,  parallels  the  experiments  presented  in  this 
paper  regarding  autoclaving  of  the  swarming  substance.  It  seems  quite  possible 
that  at  least  some  algae  produce  both  growth  inhibitory  and  stimulating  substances 
as  a  normal  part  of  their  metabolism  and  that  the  former  are  more  heat-labile  than 
the  latter. 

If  the  swarming  substance  is  produced  by  the  Pediastrum  colonies  then  it  is 
most  interesting  to  review  the  results  of  Smith  (1916)  who  studied  P.  Boryanum 
in  pure  culture.  Smith  found  that  for  the  first  two  weeks  in  culture  64-  and  32- 
celled  colonies  were  predominant  while  a  month  later  8-  and  16-celled  colonies 
were  most  common.  A  reasonable  explanation  of  these  observations  is  now  avail- 
able. Since  pure  cultures  in  general  are  prepared  with  very  small  inocula  it  seems 
likely  that  Smith's  cultures  contained  small  numbers  of  starting  colonies.  If  grow- 
ing colonies  were  producing  a  swarming  inductor  it  would  take  a  considerable 
length  of  time  for  a  small  number  to  produce  enough  substance  to  initiate  reproduc- 
tion. The  colonies  would  be  expected  to  grow  to  a  rather  large  size  before  a 
threshold  concentration  of  the  substance  was  reached  and  colonies  with  large  cell 
numbers  would  be  produced.  However,  as  the  culture  grew  older  new  colonies 
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could  not  grow  as  long  for  the  substance  would  be  present  tending  to  induce  repro- 
ductive activity  and  colonies  of  fewer  cell  number  would  be  produced. 

The  role  of  such  a  substance  in  the  free-living  Pediastrum  colony  in  nature 
would  be  most  important.  In  an  actively  moving,  nutrient-rich  environment  colo- 
nies could  grow  for  an  extended  time  without  the  substance  collecting.  In  this 
manner  maximum  growth  would  take  place  and  when  reproduction  finally  occurred 
colonies  of  great  cell  number  would  be  produced.  In  an  inactive,  stagnant  en- 
vironment, however,  the  substance  would  tend  to  build  up  and  finally  force  repro- 
duction. It  is  easy  to  see  the  survival  value  of  an  increase  in  numbers  for  dis- 
semination to  more  favorable  conditions.  To  speculate  even  further,  it  is  not 
difficult  to  imagine  that  this  swarming  substance  could,  at  the  proper  concentration, 
stimulate  sexual  reproduction  and  the  formation  of  free-swimming  gametes.  There 
are  some  indications  that  this  might  be  so.  It  is  known,  from  the  author's  experi- 
ence, that  when  concentrated  suspensions  of  swarming  colonies  are  left  standing 
for  a  day  or  more,  free-swimming  gamete-like  cells  are  often  produced.  Since 
fusion  between  these  cells  has  never  been  observed  it  is  not  known  for  certain 
whether  they  are  gametes.  Askenasy  (1888)  found  that  he  could  initiate  gamete 
production  sooner  in  his  cultures  if  the  colonies  were  kept  in  a  smaller  volume  of 
water.  If  colonies  were  living  in  a  drying  pond  the  substance  would  build  up  and 
finally  force  gamete  production.  This  mechanism  would  have  the  advantage  of 
bringing  the  sexes  together  in  concentrated  form,  thereby  facilitating  the  meeting 
of  the  sexes  and  fusion.  Furthermore,  the  result  of  fertilization  is  a  resistant  poly- 
hedron which  is  capable  of  surviving  the  drought  and  germinating  again  when  the 
rains  come  and  the  pond  fills  up.  This  hypothesis  concerning  the  role  of  the 
swarming  substance  in  sexual  reproduction  should  be  capable  of  testing  and 
experimental  work  on  this  subject  is  planned. 

The  author  wishes  to  thank  Dr.  John  Tyler  Bonner  for  his  fruitful  guidance 
and  encouragement  during  the  course  of  this  work. 

SUMMARY 

1.  The  characteristics  of  growth  and  reproduction  in  P.  duplex  Meyen  have 
been  studied  in  non-bacteria-free  cultures  using  large  inocula  of  5  cc.  of  stock  cul- 
ture for  every  50  cc.  of  fresh  medium. 

2.  It  has  been  found  that  colonies  grown  under  these  conditions  exhibit  two 
phases  of  development :  A  latent  period  in  which  no  colony  production  or  swarm- 
ing takes  place  but  during  which  the  colonies  grow,  and  a  period  of  active  swarm- 
ing or  burst  phase  during  which  all  the  cells  of  the  starting  colonies  give  rise  to 
new  colonies. 

3.  It  has  also  been  shown  that  a  heat-stable  substance  is  present  in  aged  medium 
which  can,  through  an  effect  other  than  pH,  alter  the  time  at  which  colony  produc- 
tion begins,  the  number  of  colonies  produced  and  the  size  of  these  colonies  in  terms 
of  cell  numbers. 

4.  It  is  suggested  that  the  length  of  the  latent  period  of  development  is  deter- 
mined by  the  time  required  for  this  substance  to  reach  a  threshold  concentration. 
The  possible  importance  of  such  a  substance  to  free-living  forms  of  Pediastrum  in 
nature  is  also  discussed. 
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SECRETION  OF  GASES  AGAINST  HIGH  PRESSURES  IN  THE 
SWIMBLADDER  OF  DEEP  SEA  FISHES. 

I.  OXYGEN  DISSOCIATION  IN  BLOOD  1 
P.  F.  SCHOLANDER  AND  L.  VAN  DAM 

Woods  Hole  Occanographic  Institution,   IVoods  Hole,  Massachusetts,  and  Lerner  Marine 

Laboratory,  Bimini,  Bahamas 

By  studying  the  composition  of  the  swimbladder  gases  in  relation  to  depth  it 
was  established  that  both  oxygen  and  nitrogen  are  deposited  into  the  swimbladder 
against  a  concentration  gradient  to  make  up  the  hydrostatic  pressure.  The  nitro- 
gen is  deposited  as  a  certain  fraction  of  the  oxygen  varying  from  2  to  15%,  ac- 
cording to  the  species.  Carbon  dioxide  and  organic  gases  contribute  only  insig- 
nificantly to  the  pressure.  The  oxygen  pressure  commonly  reaches  values  above 
100  atmospheres,  and  it  is  likely  that  it  can  be  two  to  three  times  as  much,  as  species 
with  swimbladders  are  known  to  occur  down  to  a  pressure  of  at  least  266  atmos- 
pheres. The  nitrogen  pressure  in  deep  sea  species  frequently  reaches  10-15 
atmospheres  (Scholander  and  van  Dam,  1953). -  In  whitefish  (Corcgonus)  pure 
nitrogen  may  be  deposited  into  the  swimbladder  against  6-8  atmospheres'  pressure 
(Hiifner,  1892).  Saunders  (1953)  has  verified  this  finding,  and  has  added  four 
more  species  of  physostome  fresh  water  fishes  which  also  seem  to  deposit  nothing 
but  nitrogen  in  the  swimbladder. 

CURRENT  THEORIES  OF  GAS  SECRETION 

Haldane  (1922)  in  his  celebrated  book  "Respiration"  gives  his  views  as  to  a 
possible  mechanism  for  the  gas  secretion,  which  in  its  basic  concepts  expresses  the 
ideas  offered  by  later  authors.  He  saw  in  the  rete  mirabile  a  counter  current  ex- 
change mechanism  (p.  214)  :  "The  arrangement  reminds  us  of  that  in  a  regenerat- 
ing furnace,  where  the  heat  carried  away  in  the  waste  gases  is  utilized  to  heat 
the  incoming  air."  As  to  the  chemical  release  of  oxygen  he  points  out  the  im- 
portance of  CO2  in  expelling  oxygen  from  the  hemoglobin  and  states  (p.  215)  : 
"It  seems  probable,  therefore,  that  the  function  of  the  rete  mirabile  is  to  enable 
venous  blood  to  communicate  part  of  its  CO2  to  the  arterial  blood.  The  effect  of 

1  Contribution  No.  699  from  the  Woods  Hole  Oceanographic  Institution.     This  investigation 
was  supported  by  a  grant  from  the  National  Science  Foundation. 

2  In  our  1953  paper  data  are  given  on  gas  samples  from  Alepocephalus  and  Cottunculus. 
From  the  excellent  review  of  Jones  and  Marshall   (1953)  we  learned  that  Alepocephalus  does 
not  have  a   swimbladder   and   this   we   verified   on   our   recent   material.     We   found   also   that 
Cottunculus  has  no  swimbladder.     This  raises  the  question  as  to  where  the  gas  came  from  of 
which  we  obtained  a  few  cubic  centimeters  by  poking  around  in  these  fishes  with  our  needle. 
The  presence  of  the  gas  was  obvious  because  the  fishes  were  floating  on  the  water.     The  com- 
position of  this  gas  checked  well  with  that  of  the  other  fishes  in  the  same  catch,  and  hence  it  is 
believed  that  the  fish  must  have  swallowed  some  of  the  gas  gushing  out  from  other  fishes  when 
the  trawlbag  approached  the  surface.     Obviously  a  fish  distended  by  swimbladder  gas  cannot 
pollute  this  gas  by  swallowing. 

247 


248  P.  F.  SCHOLANDER  AND  L.  VAX  DAM 

this  will  be  to  raise  the  CO2  pressure  of  the  blood  supplied  to  the  gland,  and  so 
raise  the  oxygen  pressure."  Already  Miiller  (1840)  and  Woodland  (1911).  who 
presented  accurate  anatomical  drawings  of  the  rete,  had  considered  that  they  must 
be  interpreted  as  a  diffusion  apparatus  between  the  arterial  and  venous  capillaries. 

Hall  (1924)  found  that,  if  the  gas  gland  in  yellow  perch  (Pcrca  flavescens] 
was  stimulated  to  activity  by  removing  gas  from  the  swimbladder  or  by  increasing 
the  hydrostatic  pressure,  a  dialysate  of  the  active  gland  showed  a  decrease  in  pH 
from  7.1  to  6.4,  as  compared  with  a  non-active  gland.  He  assumed  secretion  of 
an  acid  by  the  glandular  epithelium.  This  would  diffuse  into  the  capillaries  of  the 
rcte  and  by  releasing  bound  oxygen  would  raise  the  oxygen  tension,  permitting  the 
oxygen  to  diffuse  into  the  swimbladder.  If  the  oxygen  capacity  were  9  vol.  % 
and  the  solubility  coefficient  3  vol.  %  per  atmosphere,  then  this  mechanism  could 
raise  the  oxygen  tension  no  more  than  3  atmospheres.  This  would  be  ample  for 
shallow  water  fish  like  the  perch,  but  could  not  explain  the  secretion  of  100  atmos- 
pheres or  more  in  deep  sea  fishes. 

Jacobs  (1930)  found  a  way  out  of  this  difficulty  by  elaborating  somewhat  further 
on  the  possible  function  of  the  rete  mirabile.  When  acid  is  secreted  by  the  glandu- 
lar cells  and  diffuses  into  the  blood,  CO2  is  released,  increasing  the  CO.,  tension. 
The  CO2  effect  itself,  or  possibly  the  secreted  acid,  dissociates  oxygen  from  the 
oxyhemoglobin,  so  that  both  CO2  and  oxygen  tension  increase.  This  would  explain 
the  fact  that  both  O,  and  CO2  tension  increase  when  gas  is  generated  following  a 
puncture.  The  blood  with  elevated  O2  and  CO2  tension  leaves  the  gland  and  enters 
the  efferent  (venous)  rcte,  where  the  gases  diffuse  over  to  the  afferent  (arterial) 
side,  boosting  the  tensions  there.  When  this  high  tension  blood  enters  the  gland, 
new  acid  is  added,  the  tensions  are  again  stepped  up,  and  so  on,  until  high  enough 
tension  has  been  built  up  in  the  swimbladder. 

The  secretion  of  oxygen  would  accordingly  involve  two  principal  steps:  (1) 
a  chemical  dissociation  of  oxygen  by  acid  (and/or  C(X)  from  the  oxyhemoglobin, 
and  (2}  a  counter  current  exchange  mechanism  (the  rete  mirabile)  which  would 
retain  the  secreted  gases  within  the  swimbladder  with  a  minimal  loss  to  the  outside, 
in  spite  of  maintained  circulation.  These  basic  ideas  have  been  accepted  by  almost 
all  later  workers  as  the  likely  mechanism  for  oxygen  secretion  in  fishes  (Powers 
et  al,  1932;  Koch,  1934;  Irving  and  Grinnell,  1939;  Black,  1946;  Copeland.  1952; 
Strittmatter,  Ball  and  Cooper,  1952;  Fange,  1953).  Von  Ledebur  (1937)  ex- 
pressed serious  doubts  as  to  the  correctness  of  the  chemical  interpretation. 

In  the  present  account  we  shall  deal  with  the  oxygen  dissociation  at  pressures 
from  0.2  to  140  atmospheres  and  its  relation  to  pH  and  CO2.  The  function  of  the 
rete  mirabile  will  be  dealt  with  in  a  later  account. 

OXYGKN  DISSOCIATION  IN  BLOOD  FROM  DEEP  SEA  FISHES  IN  RELATION  TO  pH 

AND    CO 2 

The  chemical  or  physical  re-action  which  is  in  the  end  responsible  for  the  oxygen 
deposition  in  deep  sea  fishes  must  be  able  to  perform  against  a  pressure  which  at 
least  equals  the  partial  pressure  of  oxygen  known  to  occur  in  the  fish  in  question. 
Many  deep  sea  fishes  secrete  oxygen  against  100  atmospheres  or  more,  and  by 
inference  some  secrete  against  con.sidrruMv  more  than  200  atmospheres. 


GAS  SECRETION  IN  DEEP  SEA  FISH.     I.  249 

It  has  long  been  known  that  the  blood  of  many  fishes  possesses  a  large  Bohr 
effect  (Krogh  and  Leitch,  1919,  and  many  later  authors).  Root  (1931)  and  Green 
and  Root  (1933)  found  that  in  several  fishes  the  blood  did  not  become  completely 
saturated  if  acid  or  CO2  was  added  at  oxygen  pressures  up  to  near  one  atmosphere. 
The  saturation  curves  were  found  to  run  virtually  horizontal  at  pressures  above 
0.5  atmosphere.  The  Bohr  effect  is  generally  considered  a  change  in  the  dissocia- 
tion constant  (K  in  the  Hill  equation)  with  100%  saturation  obtainable  at  high 
enough  pressure.  The  term  Root  effect,  on  the  contrary,  may  be  reserved  for  the 
situation  where  acidity  completely  blocks  the  oxygen  from  part  of  the  hemoglobin. 

Obviously,  before  we  can  know  whether  the  Bohr  or  Root  effect  can  be  re- 
sponsible for  the  oxygen  secretion  against  100-200  atmospheres'  pressure,  we  must 
extend  the  dissociation  curves  to  these  pressures.  This  has  been  done  for  a  series 
of  ocean  fishes  inhabiting  depths  equivalent  to  pressures  from  40  to  as  much  as 
260  atmospheres. 

The  investigation  was  commenced  in  the  winter  of  1952-1953  at  the  Lerner 
Marine  Laboratory,  Bimini,  Bahamas,  and  was  amplified  by  material  caught  on  the 
dragger  Cap'n  BUI  II  during  two  cruises  in  the  summer  of  1953  off  the  New 
England  coast. 

Material 

Fishes  were  caught  at  the  bottom  by  hook  and  cable  from  400-700  meters' 
depth  in  the  Gulf  Stream  off  Bimini  between  December,  1952  and  February,  1953. 
For  this  purpose  a  gasoline-powered  fishing  rig  was  used,  originally  designed  by  Cap- 
tain Eddie  Wall  at  the  Lerner  Laboratory.  The  fishes  were  brought  to  the  surface 
within  4—7  minutes  after  hooking,  according  to  the  depth.  Blood  was  drawn  im- 
mediately by  hypodermic  needle  from  the  heart  and  transferred  to  a  polyethylene 
bottle  containing  a  little  heparin.  The  sample,  of  about  20-50  cc.,  was  stored  on 
ice  and  brought  to  the  laboratory  within  an  hour.  The  blood  was  then  put  through 
all  the  necessary  procedures  at  once. 

Three  species  were  obtained  at  Bimini : 

Depth  of  catch 

3      Epinephelus  mystacinus  Black  grouper  320-400  m. 

1  Alphestes  sp.3  "Golden  grouper"  410  m. 

2  Polyprion  americanus  Wreckfish  640  and  675  m. 

The  fishes  weighed  between  10  and  30  kg.  each. 

Deep  sea  material  was  likewise  obtained  on  board  the  dragger  Cap'n  /•?//  II, 
operating  from  Woods  Hole,  on  two  cruises  (June  16-23  and  July  1-8,  1953). 
The  fishes  were  caught  by  bottom  trawl,  mostly  at  depths  of  between  500  and 
1300  meters,  depending  upon  the  species.  It  took  up  to  three  quarters  of  an  hour 
to  get  the  trawl  to  the  surface  from  the  time  it  left  the  bottom.  The  blood  could 
in  some  cases  be  drawn  from  the  heart  (Sebastes).  In  other  cases  blood  was  ob- 
tained which  dripped  from  the  cut  tail.  It  was  usually  necessary  to  pool  blood 
from  many  specimens  to  get  enough  for  the  analyses,  which  were  performed  im- 
mediately. 

3  Called  Epinephelus,  Grouper,  in  Scholander  and  van  Dam  (1953). 
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The  following  species  were  caught  and  analyzed  on  the  Cap'n  Bill: 

Depth  of  catch 

Antimora  viola  Blue  hake  1200  m. 

Cor  yphacn  aides  rupestris  Round-nosed  ratfish  1100m. 

Sebastes  marinus*  Rosefish  550-  720  m. 

Synaphobranchus  pinnatus  Long-nosed  eel  960-1100  m. 

Urophycis  chesteri  Long-finned  hake  600-1300  m. 

Optical  method  for  determination  of  dissociation  curves  at  high  pressures 

The  problem  required  a  study  of  oxygen  dissociation  of  fish  blood  at  different 
pH  or  CO  2  tensions  carried  from  an  oxygen  pressure  of  0.2  atmosphere,  if  possi- 
ble, up  to  values  corresponding  to  the  greatest  depth  at  which  the  species  was 
known  to  occur.  As  a  routine  the  highest  oxygen  pressure  employed  was  that  of 
a  fully  charged  commercial  gas  cylinder,  i.e.,  140  atmospheres. 

An  earlier  survey  (van  Dam  and  Scholander,  1953)  showed  that  the  blood  of 
deep  sea  fishes  had  about  the  same  oxygen  combining  capacity  as  that  of  shallow 
fishes,  i.e.,  about  6-10  vol.  %.  At  100  atmospheres'  pressure  the  blood  would 
physically  dissolve  about  300-400  vol.  %  oxygen,  and  hence  it  would  be  impossible 
by  direct  gasometric  methods  to  determine  the  saturation  of  the  hemoglobin.  An 
optical  method  was  therefore  designed. 

The  method  must  be  accurate  to  within  a  few  per  cent  saturation,  and  it  must 
be  possible  to  operate  it  on  a  rolling  ship.  It  was  necessary  to  equilibrate  the  blood 
sample  in  the  photometer  cuvette,  which  must  be  accurately  controlled  to  the  same 
temperature  as  that  at  which  the  bottom  fishes  live.  The  cuvette  must  be  able 
without  significant  distortion  to  stand  a  pressure  of  140  atmospheres. 

As  a  measuring  instrument  a  Zeiss  Pulfrich  Stufen  Photometer  5  was  employed. 
The  construction  of  the  high  pressure  cuvette  will  be  seen  in  Figure  1.  The  glass 
windows  were  %-incn  thick  and  the  effective  depth  of  the  blood  in  the  optical  paths 
was  1.6  mm.,  increasing  \%  at  140  atmospheres.  Sealing  of  the  cuvette  chamber 
was  obtained  by  a  Neoprene  "O"  ring  squeezed  between  the  windows.  Entrance 
to  the  cell  was  by  means  of  a  number  20  hypodermic  needle  which  pierced  the  "O" 
ring.  Through  this  needle  blood  could  be  introduced  by  a  number  25  needle.  The 
cell  could  be  cleaned  by  rinsing  it  with  0.17  M  saline  solution,  which  was  then 
removed  by  suction.  A  stainless  steel  ball  was  kept  in  the  cuvette  for  stirring. 
The  cuvette  was  dropped  into  an  insulated  water  bath  occupying  the  position  where 
ordinarily  the  cuvette  holder  is  placed  on  the  instrument.  Water  of  constant  tem- 
perature (4°  or  10°  ±  0.1°  C.)  circulated  through  the  water  bath.  Dewing  of  the 
water  bath  windows  was  prevented  by  keeping  them  wet  with  soap  solution.  To 
accomplish  equilibration  the  cuvette  was  only  partially  filled  with  blood  (see  Fig. 
1),  and  it  was  rotated  back  and  forth  through  an  arc  of  45°  by  means  of  a  motor. 
To  permit  rotation  the  high  pressure  line  of  small  gauge  copper  tubing  was  wound 
as  a  loose  helix  around  the  cuvette  water  bath,  seven  to  eight  turns,  before  it  was 

4  In  the  paper  of  Scholander  and  van  Dam  (1953)  the  maximum  depth  of  Sebastes  is  given 
as  1680  m.,  as  recalculated  from  917  fathoms  given  in  Goodc  and  Bean  (1895,  p.  261).  This, 
however,  represents  a  misquotation  of  the  original  figure  of  179  fathoms  (Townsend,  1901,  p. 
398). 

"'  This  \vas  kindly  lent  to  us  by  the  1  Vpartment  of  Biological  Chemistry,  Harvard  Medical 
School. 
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connected  to  the  oxygen  cylinder.  The  oxygen  pressure  was  regulated  by  means 
of  a  long  handle  on  the  main  oxygen  valve,  and  the  pressure  was  read  on  a  conven- 
tional high  pressure  gauge  (10-140  atm.).  Between  one  and  10  atmospheres  the 
pressure  was  read  on  a  special  low  pressure  gauge,  which  could  be  shut  off  from 
the  main  line  at  pressures  above  10  atmospheres.  The  "O"  ring  was  always  kept 
wet  when  under  oxygen  pressure  and  so  far  has  not  exploded. 

The  extinction  of  the  blood  at  various  oxygen  tensions  was  read  through  a 
W ratten  red  filter,  number  29F,  and  was  compared  with  a  constant  gray  filter  held 
in  a  dry  dummy-cuvette  on  the  other  side.  This  red  filter  gives  the  greatest  separa- 
tion between  the  oxy-  and  reduced  hemoglobin.  A  gray  filter  (from  a  series  of 
variously  exposed  photographic  negatives)  was  chosen  which  gave  a  suitable  read- 
ing for  the  oxygenated  blood.  As  the  light  path  on  both  sides  was  restricted  to 
a  diameter  of  one  quarter  of  an  inch,  no  wider  diaphragm  openings  could  be  used 
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FIGURE  1.     Cuvette  arrangement  for  a  study  of  high  pressure  dissociation  curves. 

than  those  corresponding  to  0.50  on  the  extinction  scale.  The  reading  from  full 
oxygenation  to  full  reduction  usually  went  from  around  0.50  to  about  1.20-1.30, 
giving  a  resolution  of  this  extinction  interval  of  about  2%. 

Procedure 

The  heparinized  blood,  kept  on  ice,  was  strained,  if  necessary,  through  a  few 
layers  of  gauze.  Blood  was  transferred  into  three  20-cc.  Krlenmeyer  flasks,  A,  B, 
and  C.  3.0  cc.  in  each.  To  A  was  added  0.3  cc.  0.17  M  XaCl.  To  C  the  same 
amount  of  0.17  M  lactic  acid  solution  was  added  very  slowly  while  agitating  the 
blood.  To  B  was  added  0.3  cc.  of  an  equal  mixture  of  0.17  M  NaCl  and  0.17  M 
lactic  acid.  Samples  A,  B,  and  C  hence  contained  0,  8,  and  16  millimols  added 
lactic  acid.  This  would  drop  the  pH  from  A  to  B  by  approximately  0.7  pH  units 
and  from  A  to  C  by  approximately  1.5  units.  The  flasks  were  provided  with 
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Moppers  pierced  with  a  glass  tubing  6  inches  long,  open  at  both  ends.  They  were 
then  rotated  in  a  water  bath  of  the  desired  temperature  (10°  or  4°  C.)-  A  fine 
suction  tube  was  passed  frequently  into  the  flask  through  the  glass  tubing  to  renew 
the  air.  Alter  about  20  minutes  the  blood  would  be  well  aerated.  Sample  A 
was  taken  out  and  its  pH  taken  on  a  Cambridge  Electron  Ray  pH  Meter.  The 
cuvette  was  provided  with  a  water  jacket  to  keep  the  blood  at  the  desired  tempera- 
ture. If  it  was  below  about  7.4  a  small  known  amount  of  NaOH  would  be  added 
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very  carefullv  until  a  pll   of  about  7.6 — 7.8  was  obtained.     The  flask  was  rotated 

* 

again  and  the  blood  was  then  transferred  to  the  pressure  cuvette,  which  meanwhile 
had  been  temperature-equilibrated  in  its  water  bath  on  the  photometer.  Rocking 
of  the  cuvette  was  started,  and  the  extinction  was  read  as  soon  as  a  constant  reading 
could  be  obtained.  The  oxygen  line  was  flushed  and  connected  with  the  cuvette 
v.nd  the  pressure  set  to  give  one  atmosphere  OL,  in  the  cuvette  (=:  1.8  atm.  total). 
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After  about  5-10  minutes'  equilibration  the  reading  would  be  constant,  and  the 
pressure  was  raised  to  two  atmospheres'  O2  (--  2.8  atm.  total)  and  so  on.  Our 
oxygen  contained  less  than  0.01  %  CO,  and  0.02%  N2. 

Meanwhile  the  remainder  of  sample  A  (about  2  cc.)  was  put  in  a  rotating  50-cc. 
syringe,  which  was  repeatedly  flushed  with  helium  (containing  less  than  0.01%  O2) 
for  reduction  of  the  hemoglobin.  The  helium  was  ejected  and  replaced  four  or 
five  times,  during  a  total  equilibration  time  of  about  three  quarters  of  an  hour. 

The  pressure-equilibrated  blood  was  removed  from  the  cuvette  by  suction,  and 
the  cuvette  thoroughly  rinsed  with  cold  0.17  M  saline.  It  was  then  flushed  with 
helium  and  the  reduced  blood  was  introduced,  completely  filling  the  cuvette,  with- 
out any  contact  with  air.  The  rocker  was  started  and  the  extinction  of  the  reduced 
blood  read. 

Sample  B  was  now  taken  from  the  equilibrator,  part  of  it  transferred  to  the 
pressure  cuvette,  and  part  of  it  to  the  pH  meter.  The  whole  procedure  was  then 
repeated  for  B  and  finally  for  sample  C.  The  oxygen  saturation  was  calculated 
by  taking  the  fully  saturated  reading  as  100%  and  the  reduced  as  0%,  interpolating 
the  intermediary  readings  according  to  a  linear  relation  which  had  been  found  to 
hold  for  tautog  blood  (Fig.  2). 

In  cases  where  the  effect  of  various  CO2  tensions  was  tested  (at  Bimini  only), 
CO.,  and  air  mixtures  were  made  up  in  a  small  spirometer  and  accurately  analyzed 
(Scholander,  1947).  The  sample  was  equilibrated  in  a  50-cc.  rotating  syringe 
with  this  gas  mixture,  which  was  changed  four  or  five  times.  Concentrations  of  5, 
10,  and  20%  CO.,  were  used,  accurate  to  ±0.1%.  The  cuvette  was  flushed  with 
the  proper  gas  mixture  before  it  was  filled  with  blood. 

Although  optical  determinations  of  the  saturation  are  satisfactory  enough  when 
dealing  with  the  same  blood  sample,  they  may  not  be  so  satisfactory  when  com- 
paring samples  of  different  pH.  It  is  not  too  easy  to  get  an  accurately  fixed  zero 
point  for  the  reduced  blood.  Hydrosulfite  as  a  reductant  is  unsuitable  to  use,  as 
the  blood  gets  darker  and  darker  the  more  hydrosulfite  is  added.  Vacuum  tech- 
nique involves  much  shaking  and  handling  of  the  delicate  fish  blood,  and  easily 
gives  evaporation  errors.  We  have  obtained  most  constant  results  by  equilibrat- 
ing with  helium  (99.99%  pure).  But  even  so,  it  seems  that  at  least  sometimes  a 
change  in  pH  by  careful  titration  with  lactic  acid  will  change  the  light  transmission 
somewhat,  due  to  such  things  as  change  (increase)  in  cell  size  or  slight  degree  of 
hemolysis  and  fibrin  formation.  We  do  not  believe  that  this  source  of  error  can 
have  seriously  distorted  our  results,  but  it  is  likely  to  be  the  cause  of  much  of  tin- 
spread  in  our  data.  In  most  cases  the  extinction  readings  of  the  reduced  blood 
have  matched  each  other  within  a  few  per  cent  at  the  different  pH,  and  nearly 
always  the  fully  oxygenated  values  have  checked  each  other  at  different  pH.  The 
latter  is  the  most  important  in  the  present  connection. 

As  to  the  acidification  of  the  blood  we  know  in  each  case  exactly  the  amount 
of  acid  added.  The  pH  determinations  were  always  made  in  aerated  samples. 
A  certain  amount  of  drift  and  unsteadiness  in  the  pH  meter  seemed  unavoidable 
when  it  was  used  on  our  rolling  moisture-laden  ship,  although  the  meter  was  kept 
in  a  dry-chamber.  However,  the  fact  that  the  drop  in  pH  induced  by  the  added 
known  amounts  of  acid  always  came  out  with  satisfactory  regularity,  as  well  as 
the  fact  that  a  colorimetric  method  used  on  our  last  cruise  gave  identical  results, 
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lend  assurance  that  our  pH  measurements  must  have  been  essentially  correct. 
From  very  frequent  checks  hack  to  our  huiTer  standards,  we  consider  our  pi  1 
measurements  to  he  reliable  to  within  ±  0.1  pi  1  unit. 

RESULTS 

In  Figures  3  and  4  the  oxygen  dissociation  curves  are  plotted  for  hshes  living 
from  shallow  surface  waters  to  the  abysmal  depths.  The  curves  span  a  range  of 
pH  from  8.0  to  5.6,  and  the  carbon  dioxide  tensions  used  were  0.03,  5,  10,  and 
20%  of  an  atmosphere. 

It  will  be  seen  that  in  half  of  the  eight  species  of  deep  sea  rishes  investigated 
(grouper,  Alphcstcs,  long-mined  hake,  ratrish)  lactic  acid  in  a  concentration  of 
about  100-150  mg.  %  (pH  6.7 — 5.6)  produces  a  clear  Root  effect,  in  that  the 
hemoglobin  does  not  become  more  than  30-80%  saturated  at  tensions  as  high  as 
140  atmospheres.6  The  curves  run  horizontal  from  above  20  to  30  atmospheres. 
In  these  cases,  therefore,  the  Root  effect  could  be  responsible  for  the  oxygen 
secretion. 

In  the  remaining  four  deep  sea  species  (rosefish,  wreckhsh,  blue  hake,  long- 
nosed  eel),  however,  even  at  pH  6  the  hemoglobin  became  90%  or  more  saturated 
when  the  pressure  exceeded  50-100  atmospheres.  The  arterial  saturation  at  0.2 
atmosphere  is  no  more  than  90-95%  at  pH  7.6 — 7.8.  Since  the  oxygen  tension 
in  the  swimbladder  frequently  exceeds  50-100  atmospheres  it  appears  impossible 
that  the  Root  effect  can  account  for  gas  secretion  in  these  cases,  unless  possibly  the 
pH  falls  below  5.6 — 6  in  the  blood  vessels  of  the  gland. 

It  seems  dubious  that  the  pH  in  the  blood  could  ever  reach  such  a  low  value  as 
6.0.  If  we  consider  pH  6.5  as  the  lowest  physiological  limit,  then  only  the  black- 
grouper  and  possibly  Alphestes  would  be  able  to  maintain  part  of  the  hemoglobin 
in  a  reduced  state  in  the  presence  of  the  high  oxygen  tension.  Of  course  we  do 
not  know  what  the  pH  might  be  in  the  capillary  blood  passing  through  the  gland. 
The  lowest  pH  found  in  the  blood  of  dead  asphyxiated  fishes  was  6.9.  At  the 
highest  acidity  used  in  vitro  it  was  impossible  to  avoid  the  precipitation  of  some 
fibrin,  and  hemolysis  occurred  with  the  addition  of  very  little  more  acid. 

If  a  high  CO2  tension  were  to  be  considered  responsible  for  the  oxygen  secre- 
tion via  the  Root  effect,  then  the  CO,  must  be  present  at  high  concentrations  in  the 
blood  vessels  of  the  gland  in  which  case  it  would  diffuse  with  the  oxygen  into  the 
bladder  where  its  concentration  can  be  measured.  In  shallow  fishes  swimbladder 
CO,  is  usually  below  1-2%  (Table  I).  In  the  wreckfish  the  oxygen  secretion 
could  not  be  explained  by  the  Root  effect  unless  the  CO,  were  more  than  10%  of 
an  atmosphere,  and  the  tautog  would  require  more  than  20%  CO,  to  secrete  in 
deep  water.  Accurate  determinations  were  made  of  the  CO,  tension  in  the  swim- 

6  The  Root  effect  was  described  from  blood  of  shallow  water  fishes,  dealing  with  oxygen 
pressures  of  no  more  than  700  mm.  Hg  (Root,  1931). 

atmosphere.  The  broken  line  (90-95%  saturation)  denotes  the  arterial  saturation  at  0.2  atmos- 
phere O'2  pressure.  The  solid  bar  on  the  base  line  is  the  range  of  depth  in  atmospheres  where 
these  species  live.  For  each  range  of  pH  or  CO*,  3  or  4  separate  runs  with  different  bloods 
were  usually  made  to  get  an  impression  of  the  individual  variability.  All  curves  were  continued 
to  140  atmospheres'  oxygen  pressure,  but  showed  no  change  from  the  values  at  80  atmospheres. 
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bladder  gas  of  the  Bimini  fishes  (Tahle  I,  B),  which  were  brought  quickly  to  the 
surface.  Assuming  that  only  insignificant  changes  took  place  during  the  4-7 
minutes  of  getting  the  fish  on  deck,  the  tensions  in  the  swimhladder  gas  were  from 
10-19%  of  one  atmosphere  CO2  at  the  bottom.  As  the  gas  in  the  blown-up  fish 
was  dispersed  all  through  its  body  cavity,  it  may  well  have  picked  up  some  C<  >.. 
from  the  tissues. 

If,  as  indicated  by  Root  and  Irving  (1943).  the  CO,  effect  is  simply  a  pi  i 
effect,  then  CCX  cannot  be  the  direct  cause  of  the  hypothetical  oxygen  dissociation 
from  hemoglobin  in  our  deep  sea  fishes.  It  was  suggested  by  Black  (1946)  that 
HO  might  be  secreted  rather  than  lactic  acid.  In  tautog  blood  at  pH  6.8  we  found 
no  greater  Bohr  effect  with  HO  than  with  lactic  acid,  and  hence  HC1  does  not 
seem  to  have  any  specific  action  beyond  the  pH  effect. 

In  a  discussion  of  the  probable  function  of  the  rcte  it  will  be  shown  that  in 
that  connection,  also,  there  are  serious  obstacles  to  regarding  the  Root  effect  as 


TABLE  I 

Carbon  dioxide  content  of  swimbladder  gas 


Mean  partial 

Species 

Depth  of 
catch  (m.) 

X  umber  of 
specimens 

'.   CO.. 
Low  —  High 

pressure  of  CO2 
/  atm.  \ 

\    100   ) 

A.  Tautog  (Tautoga  onitis) 

0-1 

2 

0.49-0.99 

0.7 

Queen  triggerfish  (Bal  isles  vetula) 

0-2 

7 

0.33-0.99 

0.4 

Blue  parrotfish  (Scariis  caeruleus} 

0-2 

1 

1.02 

1.0 

Black  durgon  (Melichtys  piccits) 

0-2 

1 

1.08 

1.1 

Sergeant  major  (Abudefduf  saxatilis) 

0-1 

5 

0.29-0.48 

0.4 

B.   Black  grouper 

320-400 

6 

0.17-0.40 

10 

A  Iphestes 

408 

1 

0.47 

19 

Wreckfish 

640 

1 

0.22 

14 

Mean  value  for  partial  pressures  of  CO2:  Group  A,  0.9%  of  1  atm. ;  Group  B,  14%  of  1  atm. 

the  basic  chemical  reaction  responsible  for  the  oxygen  secretion  in  dee])  sea  fishes 
(Scholancler.  1954). 
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SUMMARY 

1.  (  >\\gen  dissociation  curves  at  a  P0o  running  from  0.2  to   140  atmospheres 
have  been  obtained  from  eight  species  of  deep  sea  fishes,  at  a  pH  varying  from  8.0 
to  5.7  and  at  a  CO,  tension  from  0.03  to  10-20%  of  one  atmosphere. 

2.  The   Knot  effect  in  acidified  blood  could  be  demonstrated  in  some  of  these 
species  even  up  to  140  atmospheres,  inasmuch  as  part  of  the  hemoglobin  remained 
unsaturated.     In  other  species  full  arterial   saturation  occurred,  however,  at  pH 
(i  or  lower,  at  oxygen  tensions  much  lower  than  those  existing  in  the  swimbladder. 
Hence  the  Root  effect  is  not  the  mechanism  for  the  oxygen  secretion  in  deep  sea 
fishes.     If  oxygen  is  derived   from  oxyhemoglobin  it  must  be  unloaded  by  some 
mechanism  as  yet  unknown. 
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SWIMBLADDER  OF  DEEP  SEA  FISHES. 

II.  THE  RETE  MIRABILE  1 

P.   !•'.  SCHOLAXDKK 

Is  Hole  Occanographlc  Institution,   U'oods  llnlc.  Massachusetts,  anil  Lcnicr  Marine 

iiii,  f-iulninnis 


The  anatomical  structure  in  the  swimbladder  of  physoclist  fishes  associated  with 
the  gas  secretion  is  the  so-called  red  gland.  This  consists  of  a  glandular,  often 
button-like,  structure  exposed  to  the  lumen  of  the  swimbladder.  The  gland  is 
provided  with  blood  circulation  through  a  so-called  rctc  niirahilc  which  consists  of 
intermingled,  parallel.  unbranched,  afferent  and  efferent  capillaries.  In  deep  sea 
fishes  these  may  be  more  than  one  cm.  long.  In  the  outside  layers  of  the  swim- 
bladder  these  capillaries  unite  to  form  the  respective  arteries  and  veins  (Fig.  1). 
The  structure  as  it  varies  in  different  fishes  has  been  describd  by  Woodland  (  1911). 

The  essential  feature  from  a  functional  standpoint  seems  to  lie  that  the  rete 
represents  a  counter  current  exchange  mechanism  where  the  ingoing  blood  is 
brought  into  intimate  diffusion  contact  with  the  outflowing  blood  (Muller,  1840; 
Woodland,  1911;  Haldane.  1922;  Hall.  1924;  Jacobs.  1930;  compare  Scholander 
and  van  Dam,  1954).  In  principle  the  situation  can  be  presented  as  in  Figure  4. 

It  is  obvious  that  to  maintain  a  gradient  of  100  atmospheres  or  more,  the  milli- 
meter-thick swimbladder  wall  must  be  very  impermeable  to  cut  down  diffusion 
losses.  This  seems  to  be  accomplished  by  incorporating  in  the  wall  various  kinds 
of  solids  (crystals  and  or  fibers).  In  the  long-nosed  eel  the  swimbladder  is  strik- 
inglv  silvery. 

At  100  atmospheres'  (  ).,  pressure,  one  volume  blood  would  dissolve  four  volumes 
oxygen.  It  is  therefore  clear  that  the  blood  flow  leaving  the  swimbladder  would 
cause  an  impossibly  great  loss  of  oxygen  unless  the  tension  in  the  blood  were  some- 
bow  reduced  before  it  left  the  bladder  wall. 

The  problem  is  similar  to  that  facing  a  whale  moving  in  ice  water.  How  can 
it  maintain  body  temperature,  in  spite  of  having  the  big  flukes  circulated?  This  is 
acroni])lished  by  having  the  fluke  arteries  completely  surrounded  by  veins,  so  that 
the  arterial  heat  is  transferred  to  the  veins  and  thus  remains  within  the  bulk  of  the 
body.  This  very  general  principle  of  heat  exchange  was  described  by  lla/ett  ct  <;/. 
i  1()4S)  as  applicable  to  the  venae  coiinnitantes  in  man. 

Lei    Figure  4.   1   represent  a  counter  current  heat  exchanger  where  0"   water  is 

u-ing  in.      It  is  heated  to  10"  at  the  loop  by  some  source  and  returns  in  intimate 

•  ntact   with  the  ingoing  tubes.      The  heat  exchange  will   then   result   in   the  estab- 

shineni    of  a   linear  temperature  gradient    in   the  tubes,  as  pictured    (Fig.   4,   II). 

he  temperature  of  the  leaving  water  would  depend  upon  the  efficiency  of  the  heat 

ontribution   No.   700   from   tin-   Woods    Hole   Oceanographic    Institution.     The   investi.ua- 
lOrted  liy  a  .uranl    from   thr    National    Science    Foundation. 
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exchanger,  and  might  be  one  degree.  If  the  effluent  water  were  run  out  separately, 
isolated  from  the  influent  water,  the  temperature  would  have  been  10°.  Jlence  a 
ten-fold  saving  of  heat  was  accomplished  by  the  counter  current  exchange  mecha- 
nism. If  the  temperature  of  the  source  of  heat  is  fixed,  it  ^i.mld  lie  noted  that  the 
loop  could  only  approach  this  temperature,  but  could  not  reach  or  exceed  it. 

The  same  situation  would  also  obtain  in  regard  to  a  diffusion  exchange  sys- 
tem in  which  instead  of  temperature  we  deal  with  gas  tensions  in  a  liquid. 


FIGURE  1.  Schematic  drawing  of  capillary  rctc  and  gland  in  relation  to  the  -uinibladdei- 
vvall,  which  is  represented  with  exaggerated  thickness.  To  the  left  the  rctc  ends  in  the  gland 
(e.g.,  in  Antimora,  Coryphacnoidcs)  ;  to  the  right  blood  vessels  radiate  from  the  gland  over  the 
surface  of  the  swimbladder  (Sebastcs,  Synaphobranchus). 

MATERIAL 

The  deep  sea  material  used  in  the  present  investigation  was  obtained  from  the 
Lerner  Marine  Laboratory,  Bimini.  and  from  cruises  with  the  dragger  Cup'n  />'/'//  // 
off  the  New  England  coast.  (  For  particulars  see  Scholander  and  van  Dam,  1054.  i 

HlSTOLOGICAL    STRUCTURE    OF    THE    RETE 

Sections  of  the  rctc  from  the  long-nosed  eel  and  the  rosefish  are  given  in  Fig- 
ure 2  (A-F).  The  rctc  of  the  rosefish  is  similar  to  that  found  in  the  common  eel 
described  by  Krogh  (1919).  By  differential  injection  he  showed  that  the  afferent 
smaller  capillaries  surround  the  larger  efferent  venous  capillaries  much  in  the  same 
manner  as  is  seen  in  the  rosefish  (D).  In  the  ratfishes  (C)  these  small  capillaries 
surrounding  the  bigger  ones  are  thick-walled  and  clearly  arterial.  In  the  long- 
nosed  eel  (A)  both  afferent  and  efferent  capillaries  tend  to  be  squarish,  about  13 
X  13 /A.  The  walls  between  the  capillaries  average  1.5  p..  Most  of  the  capillaries 
containing  red  cells  are  surrounded  on  all  four  sides  by  empty  capillaries.  It  is 
believed  from  this  that  one  rctc  was  empty  and  that  the  rctcs  are  fitted  together 
like  the  squares  on  a  checkerboard. 

The  checkerboard  arrangement  is  the  geometrical  arrangement  which  gives  the 
maximal  diffusion  exchange  between  the  afferent  and  efferent  capillaries,  and  it  is 
remarkable  that  we  rind  it  in  our  deepest  fish.  The  only  other  solution  to  the 
topological  problem  of  making  four  polygons  (black  or  white)  meet  at  one  point 
in  such  a  way  that  black  always  borders  white  is  realized  in  the  hexagonal  star 
pattern  found  in  the  rctc  of  the  rosefish  (D). 

It  would  seem  that  the  checkerboard  pattern  might  have  developed  through 
a  non-staggered  columnar  arrangement  of  the  primary  vessels  f  Fig.  3a),  whereas 
the  star  pattern  might  have  developed  from  a  staggered  pattern  of  the  primary 
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2.     Sci-tiini^   through   rr/,'   in  deep  M.-II    I:slu^.     A:   Synaphobranchus,  cro.^s   section 
I,   poly.ndii    (s(|iiare)    is  a   single   <-apillary.     l'>  :   Same  as   A,    X  100.     C:   Corypliac- 
'    :  r<tii)n  X  .300.     I):  ,SV/»(;.?/(\s-,  (  rn.ss  section  X  300.     K:  Ct»-yplntciioii!cs.  longitudinal 

section  Many  red  cells  in  capillaries.     F:  Coryphaenoides.     Glandular  epithelium  from 
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vessels    (Fig.   31)).      In  both  cases   the  arterial   capillaries   may   have   developed   in 
the  interstices  between  the  veins. 

In  many  rctcs  the  loops  of  the  glandular  buttons  arise  from  a  vascular  plexus 
located  at  the  base  of  the  buttons.  This  must  naturally  be  so  in  all  cases  where 
the  arterial  rctc  capillaries  outnumber  the  venous  capillaries,  as  in  the  common  eel, 
or  in  the  rose-  and  ratfishes. 

The  length  of  the  rctc  capillaries  varies  somewhat  with  the  species,  and   in- 
creases generally  with  the  depth.      Measurements  are  given  in  Table  I. 

Figure  2F  shows  the  surface  layers  of  the  gland  "button."  with  capillaries 
surrounded  by  the  thick  glandular  epithelium. 


FIGURE  3.  a.  Possible  development  of  the  checkerboard  pattern  of  the  rctc  in  Synaplw- 
branclms,  the  primary  capillaries  (veins)  in  non-staggered  rows  with  the  arterial  capillaries  in 
the  interstices,  b.  Possible  development  of  rctc  in  rosefish,  the  primary  capillaries  (venous) 
in  staggered  rows  with  the  arterial  capillaries  in  the  interstices,  resulting  in  the  hexagonal  star 
pattern. 

DIFFUSION  CHARACTERISTICS 

From  the  structure  and  dimensions  of  a  rctc  such  as  in  the  long-nosed  eel,  we 
may  estimate  what  diffusion  characteristics  a  given  rctc  may  have. 

Let  us  take  as  unit  a  rete  1  cm.-  in  cross  section  and  1  cm.  long  with  capillary 
characteristics  of  the  deep  sea  eel.  The  capillaries  average  13 /A  each  side,  making 
the  circumference  52  p.  Length  is  1  cm.  and  hence  the  surface  area  of  each  capil- 
lary tube  is  0.0052  cm.-  Due  to  the  checkered  arrangement  all  of  this  surface  is 
available  for  diffusion.  The  wall  between  two  capillaries  averages  1.5 /A.  Then- 
are  about  500,000  capillaries  per  cm.-'  Using  a  diffusion  constant  of  150  mm.::  ''/*/ 
cm.-  min. /atm.  (Krogh,  191C^,  p.  1C)5),  we  find  that  the  diffusion  across  the  length 
of  this  one  capillary  is  then  0.52  mm.:''/min.  atm.  per  capillary.  There  are  250.000 
pairs  of  capillaries  in  this  rctc,  and  hence  the  total  diffusion,  O,  is  130  cc./min.  atm. 

SYMBOLS  AND  P>.\su'  I^QTATIOXS 

It  is  of  interest  to  formulate  a  few  relations  pertaining  to  >n:b  a  counter  current 
system  in  order  to  be  able  to  estimate  more  closely  what  a  fish  rete  might  be  able 
to  do. 


"button,"  X  225.  Several  capillaries  are  seen  buried  among  the  large  glandular  cells.  (Stain- 
ing :  A,  B  :  Gomori's  chrome  alum-hematoxylin  and  phloxine,  Bouin.  C :  Periodic  acid-Schiff , 
Bouin.  D:  Periodic  acid-Schiff,  80%  alcohol.  FI :  Hematoxylin  and  phloxine,  Bouin.  F: 
Gomori's  chrome  alum-hematoxylin  and  cosine,  Bouin.)  Sections  and  photographs  by  courtesy 
of  Dept.  Anatomy,  Harvard  Medical  School. 
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1 ABLK     I 

Size  of  fixli  versus  length  of  rete  ntirabile 


Length 

Depth  of  catch  (ni.) 

Fish  (cin.i 

AV/r-  num.) 

Rosefish 

600 

46 

7-9 

Rosefish 

600 

45 

8-9 

Rosefish 

600 

32 

7-8 

Rosefish 

600 

32 

7-10 

Rosefish 

600 

32 

8-10 

Blue  hake 

900 

38 

7-8 

Blue  hake 

900 

37 

9-10 

Blue  hake 

900 

17 

9 

Blue  hake 

900 

10.5 

9 

Common  ratfish 

600 

34 

11-13 

Common  ratfish 

(,()() 

28 

8-9 

Common  ratfish 

(,()() 

18 

8 

Common  ratfish 

600 

16 

7-8 

SW.BL.  WALL 


KETE    GRADIENTS 


:  4.  Schematic  presentation  oi  ilie  counter  current  exchange  principle  in  the  h\vim- 
bladder.  I.  Afferent  and  efferent  capillaries.  The  numhers  illustrate  the  linear  gradient  set 
up  from  the  inside  to  the  outside  of  the  structure.  The  arrows  signify  the  constant  trans-rc/r 
difftiM  iient.  II.  Graphic  representation  of  the  gradients.  L  is  length  of  the  rctc;  p  is 

trans-rr/r  j'ladient;    1'  is  gas  tension  in  the  swimbladder;  a   is  gas   ti-n.sion  of  inflowing  blood. 
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Hargitay  and  Kuhn  (1951  )  have  developed  an  extensive  physical  treatment  of 
this  principle  in  relation  to  its  prohable  applicability  to  the  kidney  function.  Their 
"hairpin  counter  current  multiplier  system"  is  the  loop  of  Henle.  The  primary 
concentration  difference  which  is  augmented  by  the  system  is  discussed  on  the  as- 
sumption of  a  semi-permeable  membrane  separating  the  afferent  from  the  efferent 
flow.  The  difference  in  hydrostatic  pressure  due  to  flow  presst^  water  through 
the  membrane  and  results  in  the  primary  concentration  difference. 

In  the  fish  rcte  we  are  dealing  with  a  different  situation,  inasmuch  as  it  may  be 
assumed  that  the  capillaries  are  extremely  permeable  to  lipid-soluble  substances, 
especially  oxygen  and  carbon  dioxide  (Fappenheimer,  Renkin  and  Borrero,  1951). 
very  much  more  so  than  to  water.  Hence  it  is  possible  to  discuss  the  diffusion 
exchange  in  the  rctc  mimhilc  on  much  simpler  terms,  namely,  relative  to  what 
happens  to  gases  or  solutes  which  are  simply  added  to  the  blood.  The  treatment 
is  presented,  realizing  that  it  is  grossly  oversimplified,  and  at  the  same  time  it  is  a 
pleasure  to  credit  Hargitay  and  Kuhn  for  their  introduction  and  interpretation  o! 
the  hairpin  multiplier  system  in  biology. 

The  following  symbols  will  be  used  in  the  subsequent  discussion  : 

Length  of  rete  :  L  cm. 

O2  pressure  in  blood  entering  afferent  rete  -  a  atm. 
Trans-re/e  gradient  (O2  tension  gradient  between  afferent 

and  efferent  rete}  ~-  p  atm. 

O2  equilibrium  pressure  in  swimbladder  :  P  +  a  atm. 

O2  pressure  in  blood  leaving  efferent  rete  (A)  •-  p  +  a  atm. 
Blood  flow  V  cc.   min. 

Trans-rete  diffusion  =  Q  rr.   min.  atm.   rm. 

Solubility  coefficient  for  oxygen  in  blood  =  a  cc.  re.   atm. 
O2  secreted  from  blood  I)  cc.  cc. 

O2  loss  by  respiration  and  diffusion  :  R  cc.   min. 

Based  on  the  present  fragmentary  knowledge  it  seems  possible  that  the  oxygen 
can  be  secreted  in  two  different  ways:  (a)  molecular  oxygen  is  directly  split  oit 
from  some  compound  in  the  blood,  (b)  oxygen  in  some  form  is  transported  to  the 
glandular  cells  and  stored  there  as  a  compound  ready  for  intermittent  use.  These 
two  possibilities  will  be  dealt  with  separately. 

a.  Release  of  oxygen  directly  from  the  blood.  It  is  here  assumed  that  some 
constituent,  at  the  present  unidentified,  is  callable  of  dissociating  off  free  oxygen  in 
the  blood  against  very  high  oxygen  tensions.  As  blood  cannot  be  stored  in  the 
gland  to  any  significant  degree,  the  release  of  oxygen  stands  in  direct  time  relation 
to  the  blood  flow.  The  fraction  of  the  oxygen  which  is  dissociated  off  and  which 
stays  dissociated  off  is  called  D  and  is  without  any  connotation  as  to  what  is  the 
nature  of  the  responsible  compound. 

The  diffusion  characteristics  of  the  rete  may  now  be  formulated  in  two  basic 
equations  (Fig.  4  II). 

PaY     =  pQ  +  paY  (1) 

DY  =  p«Y  +  R  (2) 
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Kquation  1  slates  that  the  amount  of  physically  dissolved  oxygen  entering  the 
effluent  rctc  per  minute  (at  1>,  Fig.  4)  equals  a  fraction  diffusing  across  the  rctc 
])lus  a  fraction  leaving  the  effluent  rctc  (A),  Kquation  2  states  that  the  amount  of 
hound  oxygen  to  he  secreted,  which  enters  at  A,  equals  the  amount  of  physically 
dissolved  ox\  gen  leaving  at  A  plus  an  amount  of  oxygen  lost  I  mm  the  swimhladder 
hv  other  avenues  (respiration,  diffusion  loss,  etc.). 

(i)  Quantitative  evaluation  <>j  the  rctc  junction.  The  oxygen  secretion  will 
first  he  dealt  with  without  considering  the  term  1\.  In  equation  1  the  term  paV 
is  negligihly  small  compared  to  I '«V  and  can  he  omitted.  \Ye  then  get  the  fol- 
lowing relation  : 


(3) 

1  JY    =    p«\   J 

and  therefore 


P  -  (4) 

a-\ 

The  equilibrium  pressure  1'  is  consequently  inversely  proportional  to  the  hlood 
now  and  directly  proportional  to  the  amount  (D)  of  dissociated  oxygen  per  cc. 
hlood.  1*  is  also  proportional  to  O  and  hence  to  the  length  of  the  rctc.  This  is 
home  out  hy  the  observation  that  for  a  given  depth  and  for  a  given  species  both 
small  and  large  individuals  had  the  same  length  of  rctc,  although  the  cross  sections 
varied  markedly  with  the  size  (Table  I).  (  >ne  might  make  an  analogy  between 
length  of  rc/c  and  voltage,  between  cross  section  of  rctc  and  current  (amps.). 

\Ye  shall  consider  the  rctc  equations  in  relation  to  a  hypothetical  but  plausible 
dee])  sea  rish  with  the  following  constants: 

Weight  1  000  g. 

Swimbladder  volume  50  cc. 

Oxygen  consumption,  8°  C\  1  cc.   min. 

Respirator}  need  of  swimbladder  and  other  losses  =     l\  0.01  cc.   min. 

Oxygen  secreted  from  blood  :     D                                                           0.05  cc./cc. 

Oxygen  solubility  coefficient  -  a,  8°  (".                                                  0.04  cc.  cc. 

Trans-rete  diffusion  --  O  130  cc.   min.   aim. 

'J  varies  greatly  1mm  species  to  species  and  can  be  given  great  latitude. 

Let  us  assume  a  blood  flow  (V)  through  the  rctc  capillaries  of  1  cc.  per  minute 

and  that  0.05  cc.  (  )._.  per  cc.  blood   (  ==  D)   is  dissociated  off  by  action  of  the  gland. 

The  oxygen  secretion  would  then  amount  to  only  50  mm.Vmin.  or  S%  of  the  total 

ixvgcii    consumption.      According   to   equation   4    the    equilibrium    pressure    would 

then  be  no  less  than  4060  atmospheres.     Obviously,  therefore,  if  there  are  no  losses 

it   the  dissociation  is  not  pressure-sensitive,  the  potential  pressures  are  enor- 

.  and  would  increase  with  lowering  of  the  blood  flow. 

o 

-  necessary  to  introduce  a  term   (R  )   expressing  the  loss  of  oxygen  by  such 
fai  the   respiratory   need   of   the   gland   and   the-   lining   of   the1   swimbladder, 

diffi)          :'>s>,  and  oxygen  used  for  compression  work. 
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The  equations  would  then  be  : 


DV  =  =  p«V  +  R, 

or 

_  (DV  -  R)Q 

1  9\7'  ^     ' 

a~\~ 

It  is  expedient  at  this  point  to  consider  what  rates  of  oxygen  deposition  might 
be  pertinent. 

Bohr  (1905)  found  that  cod  could  fill  its  swimbladder  with  oxygen  in  about  one 
day.  Akita  (1936)  found  the  same  rate  for  Monacantlnis.  Copeland  (1952) 
found  that  Fnndnlns  would  need  about  two  days,  if  it  were  able  to  maintain  full 
rate  for  so  long.  If  the  cod  and  Monacanthus  were  to  fill  their  bladders  at  100 
atmospheres'  pressure  it  would  take  100  days  to  do  it.  Such  a  drastic  thing  is 
hardly  relevant  for  a  deep  sea  fish.  It  may,  however,  have  to  compensate  for  a 
buoyancy  change  of,  let  us  say,  10%,  by  moving  from  900  meters'  depth  down  to 
1000  meters.  This  would  require  10  days  of  secretion.  The  quantitative  develop- 
ment of  the  rctc  varies  greatly  from  species  to  species.  Suppose  that  our  iish  can 
do  twice  as  well  as  the  cod.  It  would  then  need  five  days  to  accomplish  the  \Q% 
buoyancy  change  and  would  secrete  at  a  rate  of  100  cc.  oxygen  of  one  atmosphere 
a  day,  or  approximately  70  mm.3/min.  This  would  represent  7%  of  the  total 
metabolic  rate  of  the  fish.  Let  us  assume  that  the  respiratory  and  diffusion  loss 
(R)  adds  to  it  10  mm.3/min.-  This  would-  then  give  a  total  release  of  80  mm.3/ 
min.,  which  would  require  that  1.6  cc.  blood  per  minute  enter  the  rctc.  The  po- 
tential pressure  developed  using  these  figures  in  equation  5  would  come  out  as  2220 
atmospheres. 

When  the  necessary  amount  of  gas  has  been  deposited  to  accomplish  the  buoy- 
ancy change  the  fish  must  shut  down  the  deposition  to  a  simple  maintenance  level. 
This  may  very  possibly  go  via  a  reduction  of  R,  which  may  drop  to,  let  us  say, 
5  mm.3/min.  This,  according  to  equation  5,  would  make  the  blood  flow  (V)  very 
slightly  more  than  0.1  cc./min.,  i.e.,  16  times  less  than  at  full  secretion  rate.  Dur- 
ing activity  the  blood  vessels  of  the  gland  dilate  markedly  (Hall,  1924;  Fange, 
1953).  A  less  economical  way  of  maintaining  constant  swimbladder  volume  at 
100  atmospheres  (or  of  reducing  the  volume)  would  be  to  draw  some  blood  off 
through  the  non-retc  system,  like  the  capillaries  of  the  "oval."  Then  67  mm.3/min. 
of  O2  would  have  to  be  run  off  from  the  swimbladder,  which  would  require  that 
4  mm.3  blood  per  minute  be  bled  through  the  oval. 

(ii)  Amount  of  oxygen  secreted  per  cc.  blood  at  steady  state.  By  considering 
the  maximal  rate  at  which  oxygen  can  be  deposited  in  the  swimbladder  one  may 
calculate  D,  i.e.,  the  amount  of  dissociable  oxygen  carried  in  by  the  blood. 

If,  again,  80  mm.3/min.  is  taken  as  the  maximum  rate  of  secretion  and  if  the 

2  The  work  of  compressing  one  mol  gas  from  0.2  to  100  atmospheres  at  8°  is  equal  to  1.99 
XTX2.3  log  (Pi/  P2)  Cals.  =  3.5  Cals.  The  caloric  equivalent  of  one  liter  O2  equals  4.8  Cal. 
or  104  Cal.  per  mol.  Hence  for  each  part  of  oxygen  secreted  into  the  swimbladder  a  minimum 
of  3%  goes  to  the  work  of  compression,  or  2.1  mm.3  out  of  the  above  10  mm.3  which  constitute  R. 
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blood  flow  (  Y  )  through  the  rctc  is  2  cc./mm.,  the  blood  would  have  to  unload  40 
mm.3  oxygen  per  cc.  blood,  or  more  or  less  what  the  hemoglobin  could  do  if  dis- 
sociated. 

The  amount  of  physically  dissolved  oxygen  in  the  blood  is  no  more  than  0.04 
X  0.2  =  0.008  vol.  %  and  therefore  cannot  be  the  source  of  a  steady-state  secretion, 
even  if  the  solubility  coefficient  in  the  effluent  blood  were  drastically  lowered  by 
some  unknown  process.  The  tension  difference  (p)  between  affluent  and  effluent 
blood  could  only  be  a  few  millimeters  Hg. 

b.  Secretion  of  oxygen  jrom  the  gland  cells.  Considering  that  we  have  failed 
to  identify  hemoglobin  or  any  other  compound  in  the  blood  as  the  direct  source  for 
the  secreted  oxygen,  we  must  consider  the  possibility  of  a  cellular  secretion,  where 
the  oxygen  is  ultimately  transported  to  the  glandular  cells  via  some  compound  in 
the  blood.  This  compound,  or  a  derivative  thereof,  might  be  stored  in  the  epithelial 
cells  for  intermittent  use.  Non-steady-state  events  are  conspicuously  associated 
with  the  secretion.  Glycogen  is  thus  stored  in  large  quantities  by  the  gland  cells  if 
secretion  is  inhibited.  When  the  gland  is  secreting,  the  glycogen  is  being  used,  and 
secretion  cannot  go  on  when  the  store  of  glycogen  is  depleted  (Copeland.  1952; 
Fange.  1953).  If  a  breakdown  of  a  stored  compound  is  what  determines  the  maxi- 
mal rate  of  oxygen  secretion,  then  the  amount  (D)  of  oxygen  transported  to  the 
gland  per  cc.  blood  can  be  much  smaller  than  would  be  necessary  if  the  oxygen  is 
released  directly  from  the  blood.  From  the  information  available  it  is  impossible 
to  decide  between  cellular  secretion  of  oxygen  and  the  release  of  molecular  oxygen 
directly  from  the  blood. 

Conclusions.  The  discussion  of  the  rete  may  be  summarized  in  the  following 
statements.  The  structure  of  the  rctc  is  such  as  to  provide  for  an  extremely 
efficient  counter  current  diffusion  exchange  mechanism  between  inflowing  and  out- 
flowing blood.  This  makes  possible  a  steep  tension  gradient  within  the  rcte  so 
that  tension  loss  through  the  circulation  becomes  very  low.  Quantitative  considera- 
tions of  the  diffusion  efficiency  of  the  rctc  make  it  clear  that  the  limiting  equilibrium 
pressure  theoretically  could  reach  tremendous  values,  provided  the  dissociation 
pressure  of  the  underlying  chemical  or  physical  reaction  is  even  higher.  If  oxygen 
cannot  be  chemically  stored  in  the  gland  it  must  enter  through  the  blood  con- 
comitantly  with  the  secretion.  This  would  require  an  amount  of  oxygen  per  cc. 
blood  larger  than  that  physically  dissolved  in  the  arterial  blood.  The  nature  of  the 
responsible  compound  is  not  known. 

THE  ROLE  OF  LACTIC  ACID  AND  CCX 

We  have  seen  that  thanks  to  the  multiplication  principle  of  the  rcte,  small  pri- 
mary concentration  effects  can  build  up  to  considerable  pressures,  limited  ultimately 
by  the  pressure  characteristics  of  the  primary  chemical  or  physical  dissociation. 
It  was  shown  that  the  Rout  effect  or  Bohr  effect  at  pH  6  was  nullified  already  at 
50  atmospheres  in  some  fishes  which  live  and  secrete  oxygen  at  much  greater  depths, 
and  therefore  it  could  not  be  the  primary  pressure  reaction.  Whether  stronger 
lactic  acid  and  lower  pH  could  do  it  we  do  not  know.  It  seems  difficult  in  vitro 
to  go  much  further  without  irreversible  damage  to  the  blood  (Scholander  and  van 
Dam,  1954). 

As  regards  CO2  it  was  likewise  shown  that  in  some  fishes  5  and  W%  CO2  would 


GAS  SECRETION  IN  DEEP  SEA  FISH.    II. 


269 


be  inadequate  to  dissociate  off  oxygen  at  the  required  pressures.  The  question  that 
arises  is :  Could  the  CO2  tension  be  higher  than  this,  and  if  so  what  would  be  the 
pressure  characteristics  of  the  Bohr  or  Root  effect? 

The  CO2  content  of  the  aerated  blood  of  several  deep  sea  species  is  given  in 
Table  II.  If  a  small  amount  of  lactic  acid  were  added  to  the  blood  by  the  gland  the 
CO2  pressure  would  build  up  in  the  rctc  and  the  swimbladder,  and  the  approximate 
tension  gradients  can  be  calculated,  inasmuch  as  the  diffusion  constant  can  be  taken 
as  about  25  times  that  of  oxygen  (Krogh,  1919),  and  the  solubility  coefficient  is 
about  1.0,  or  again  25  times  that  of  oxygen.  This  would  make  Q  of  equation  1 
for  CO2  =  25  X  130  =-  3250  cc./min./atm. 

If  the  CO2  effect  were  responsible  for  the  oxygen  secretion  in  the  wreckfish  we 
would  expect  to  find  in  the  swimbladder  at  all  times  of  steady-state  a  CO2  tension 
higher  than  10%  of  an  atmosphere.  A  wreckfish  caught  at  640  meters  had  0.22% 
CO2  or  14%  of  an  atmosphere.  Six  black  groupers  had  from  6.6 — 13%  of  an 
atmosphere  CO2.  In  contrast  to  this  27  specimens  of  surface  fishes,  comprising  6 

TABLE  II 
Carbon  dioxide  content  of  blood* 


C02  (vol.  %) 

Species 

Depth  of  catch  (m.) 

Number  of  speci- 
mens 

Range 

Mean 

A.  Undiluted  whole  blood,  aerated  at  10°  C. 

Black  grouper 

333-375 

4 

4.8-6.3 

5.5 

A  Iphestes 

410 

1 

— 

7.0 

Wreckfish 

640 

2 

6.8-8.0 

7.4 

B.  Whole  blood  plus  lactic  acid  0.17  .17  (10:  1),  aerated  at  10°  C. 

Black  grouper 

333-375 

2 

1.4-1.5 

1.45 

A  Iphestes 

410 

1 

1.9 

*  Method  of  Scholander,  Flemister,  and  Irving  (1947),  modified. 

species,  had  a  CO.,  tension  averaging  only  0.7%.  It  has  been  shown  by  Jacobs 
(1934)  and  von  Ledebur  (1937)  in  10  species  of  physoclist  fishes,  which  were  in- 
duced to  secretion  by  puncture,  that  on  the  average  the  CO2  tension  in  the  swim- 
bladder  rose  by  only  l.-l — 3.1%  while  the  O2  rose  to  80-90%.  In  some  of  the 
species  the  CO.,  did  not  rise  at  all.  A  Scrramts  cabrilla  with  the  oval  obliterated 
accumulated  no  more  than  3%  CO2  during  the  process  of  secretion.  The  relatively 
high  CO2  tensions  in  deep  sea  fishes  may  hence  very  likely  be  artifacts,  as  CO2 
diffuses  so  fast.  If,  nevertheless,  we  assume  that  our  deep  sea  fish  were  to  require 
as  much  as  0.5  atm.  CO2  in  the  swimbladder  3  to  dissociate  off  the  oxygen,  and  if 
we  assume  this  Root  effect  to  be  reversible  when  the  CO2  pressure  decreases,  then 
we  can  estimate  the  rate  at  which  such  deposition  could  take  place. 

If  P  =  0.5  atm.,  Q  --  3250  cc./min.,  a  CO,  is  1.0,  and  at  a  high  rate  of  secre- 
tion V    :  1  cc./min.,  then  according  to  equation  3 

p  =  0.12  mm.  Hg 
3  Tautog  blood  begins  to  hemolyze  at  one  atmosphere 
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In  other  words  the  Pco2  of  the  "venous"  blood  leaving  the  rcte  would  be  only 
0.12  mm.  Hg  higher  than  that  of  the  "arterial"  blood  entering  the  retc.  Now  the 
oxygen  tension  of  the  leaving  blood  is  always  slightly  higher  than  the  tension  of  the 
entering  blood.  The  leaving  hemoglobin  would  hence  be  nearly,  if  not  completely, 
arterialized.  If  under  these  circumstances  any  oxygen  at  all  were  deposited  it 
would  be  at  an  infinitesimally  small  rate. 

If  the  leaving  CCX  tension  were  to  be  high  enough  to  effect  a  half-saturation  of 
the  hemoglobin  (which  is  necessary  for  the  secretion  rate),  one  would  expect  at 
least  around  10  mm.  Hg  CO2  tension  in  the  leaving  blood.  This  would,  however, 
require  some  43  atmospheres'  CCX  tension  in  the  swimbladder,  which  of  course 
is  absurd. 

\Ye  see  therefore  that  unless  CO,  at  tensions  higher  than  we  tested  produces 
some  irreversible  oxygen-splitting  from  the  hemoglobin,  we  cannot  accept  the  CO2 
effect  as  producing  the  oxygen  secretion. 

Koch  (1934)  considered  that  if  the  elevated  CO2  tension  passed  onto  the  arterial 
side  of  the  rcte,  the  O2  would  increase  there  and  CX  would  diffuse  across  to  the 
venous  side,  which  would  seem  like  a  short  circuit  with  regard  to  the  CX.  In  order 
to  avoid  this  he  thought  that  buffer  might  diffuse  across  from  the  arterial  side  to 
the  venous,  due  to  hydrostatic  forces.  If  this  were  to  happen  it  would  at  best  mean 
a  lower  p  (CO2)  on  the  venous  side,  hence  an  even  earlier  recombination  of  oxygen 
with  the  hemoglobin  before  the  blood  left  the  rcte,  and  hence  no  secretion. 

According  to  either  of  the  two  theories  (CCX  and  lactic  acid)  the  oxygen  is 
liberated  directly  from  the  blood  and  hence  in  the  rcte.  This  obviously  wastes 
part  of  the  rcte  as  a  diffusion  barrier,  and  the  oxygen  must  also  diffuse  from  the 
rcte  into  the  swimbladder.  Here  we  encounter  another  seemingly  backwards  situa- 
tion, inasmuch  as  in  many  fishes  the  capillary  loops  in  the  gland  are  covered  with 
a  deep  layer  of  epithelial  cells  (Fig.  2F),  which  must  hinder  very  substantially  the 
gas  diffusion  into  the  swimbladder.  The  loops  are  also  usually  very  much  fewer 
than  the  rcte  capillaries.  In  order  to  get  an  efficient  gas  exchange  we  would  expect 
rather  a  great  many  almost  naked  capillaries,  such  as  in  the  lungs. 

The  anatomical  arrangement  seems  to  fit  a  cellular  gas  secretion  much  better. 
This  would  leave  the  whole  rcte  as  a  simple  counter  current  diffusion  barrier  against 
oxygen  loss,  and  the  secreting  cells  covering  the  capillary  loops  would  aid  the  rete 
as  a  diffusion  barrier,  rather  than  counteract  it. 

There  are  grave  difficulties  in  seeing  the  Bohr  or  Root  effects  as  the  cause  of 
the  secretion,  and  at  the  present  time  it  seems  indicated  that  many  observed  events 
associated  with  the  secretion  of  oxygen,  such  as  the  occasional  large  rise  in  CCX 
(Jacobs,  1930;  von  Ledebur,  1937;  Rostorfer,  1942),  the  acid  formation  (Hall. 
1924),  the  glycogen  disappearance  (Copeland,  1952;  Fange,  1953),  carbonic  anhy- 
drase  activity  (Leiner,  1938,  1940;  Copeland,  1952;  Fange,  1953),  potential  gly- 
colytic  activity,  lactic  acid  formation  (Strittmatter,  Ball  and  Cooper.  1952;  Fange, 
1953)  must  be  fitted  into  the  secretion  picture  in  some  other  way. 

If  dissociation  of  oxyhemnglobin  still  is  to  be  considered  as  the  direct  cause  of 
the  pressure  build-up,  it  must  be  brought  about  by  a  diffusible  x-substance  (from 
the  gland  cells),  which  would  dissociate  off  oxygen  against  much  higher  pressure 
than  does  lactic  acid.  This  x-substance  would  cither  have  to  leave  with  the  blood 
and  must  then  be  quite  indiffusible  through  the  retc  capillaries,  in  contrast  to  the 
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gland  capillaries,  or  if  easily  diffusible  it  would  have  to  effect  an  irreversible  reac- 
tion, such  as  methemoglobin  formation,  to  be  repaired  outside  the  gland.  Such  a 
substance  and  such  diffusion  conditions  are  purely  hypothetical,  although  perhaps 
possible. 

There  are  at  the  present  time  unresolved  obstacles  in  regarding  the  Root  or 
Bohr  effect  as  the  secretion  mechanism.  It  has  not  been  proved  that  hemoglobin 
is  involved,  and  it  would  be  premature  to  disregard  the  possibility  of  a  cellular 
oxygen  secretion. 

Conclusions.  In  several  deep  sea  fishes  the  blood  acidified  with  lactic  acid  to 
pH  6  or  lower  arterializes  fully  at  a  much  lower  oxygen  pressure  than  that  existing 
in  the  swimbladder.  Hence  lactic  acid  via  the  Root  effect  cannot  be  the  cause  of 
oxygen  secretion.  If  the  CO,  effect  were  to  be  the  cause  of  the  secretion,  CO2 
would  have  to  leave  the  gland  at  a  pressure  of  at  least  5-10  mm.  Hg.  This  would 


TABLE  III 
Xitrogen  content  of  the  swimbladder  gas  in  deep  sea  fishes 


Species 

Depth  of 
catch  (m.) 

Number  of 
specimens 

%H. 

Mean  partial 
pressure  of  N2 
(atm.) 

Black  grouper 
Alphestes 
Wreckfish 

320-400 
410 
640 

6 

1 
1 

12.5-16.8 
18.5 
11.0 

5.4 
7.6 
7.0 

Rosefish 

660 

2 

20.0 

13.2 

Long-finned  hake 
Blue  Hake 

1300 
1240 

5 
4 

3.0-3.7 
6.0-7.6 

4.4 
8.0 

Round-nosed  ratfish 

1100 

3 

9.4-10.0 

10.8 

1200-1240 

3 

8.4-10.3 

11.6 

Common  ratfish  (Macronnts 

1240 

4 

7.2-7.8 

9.3 

bairdii) 
Long-nosed  eel 

1200 

1 

7.6 

9.1 

require  a  CO2  pressure  in  the  swimbladder  of  20-40  atmospheres,  which  is  out  of 
the  question.  If  hemoglobin  is  directly  involved  in  the  oxygen  secretion  the 
mechanism  by  which  it  is  dissociated  is  unknown.  One  is  led  to  consider  seriously 
the  possibility  of  a  cellular  oxygen  secretion. 

SECRETION  OF  INERT  GASES 

It  has  been  shown  that  the  nitrogen  tension  found  in  the  swimbladder  of  marine 
fishes  is  practically  always  higher  than  in  the  sea  water.  In  each  species  the  nitro- 
gen is  deposited  as  a  relatively  constant  proportion  of  the  oxygen,  but  the  traction 
varies  from  species  to  species.  It  usually  lies  between  2  and  15%.  In  deep  sea 
fishes  the  X2  tension  can  therefore  reach  as  much  as  15-20  atmospheres.  New  data 
from  greater  depths  confirm  these  conclusions.  Table  III  and  Figure  5.  It  does 
not  seem  possible  to  explain  the  high  nitrogen  as  an  artifact  (Scholander  and  van 
Dam,  1953). 

The  whitefish  (Hufner,  1892)  and  several  more  species  of"  freshwater  physo- 
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FIGURE   5.     Relation   of   nitrogen   tension    in    swimbladder    to   depth    for    the   long-firmed    hake 
(Urophycis  cheslcri)    and  common  ratfisli    (Macroiirus  balrdii}. 

stomes  (Saunders,  1953)  are  able  to  deposit  "pure"  nitrogen  against  some  6-8  atm. 
pressure. 

The  argon-nitrogen  ratio  in  the  swimbladder.  An  important  clue  as  to  how 
basically  nitrogen  enters  the  swimbladder  can  be  obtained  by  comparing  the  argon- 
nitrogen  ratio  in  the  swimbladder  gas  to  the  ratio  in  the  air,  as  pointed  out  by  Koch 
(1934).  He  considered,  and  rightly  so,  that  the  fact  that  the  A/'NL  ratio  found  by 
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Schloesing  and  Richard  (1896)  was  near  the  atmospheric  ratio  indicated  that  the 
nitrogen  could  not  have  been  chemically  secreted. 

Some  of  our  deep  sea  samples  have  been  analyzed  for  argon.  This  was  made 
possible  through  the  courtesy  of  Dr.  A.  O.  C.  Nier  and  of  Mr.  Bailey  Donnally, 
who  kindly  made  the  analyses  for  us  on  the  mass  spectrometer.  The  results  will 
be  seen  in  Table  IV  and  are  in  favor  of  a  physical  deposition  of  nitrogen.  If  nitro- 
gen were  secreted  chemically,  the  argon/N.,  ratio  would  be  decreased  in  the  given 
fishes  between  6  and  20  times,  i.e.,  it  would  have  been  found  to  be  between  0.2  and 
0.06,  instead  of  1.18.  Although  there  are  substantial  deviations  from  the  air  ratio 
they  are  certainly  not  of  the  order  which  would  suggest  nitrogen  secretion  by 
chemical  means.  Considering  the  fact  that  the  argon  may  be  expected  to  have 

TABLE  IV 

Argon-nitrogen  ratio  in  the  swimbladder  gas  of  deep  sea  fishes 


Species 

Depth  of 
catch  (atm.) 

%  (Ns  +  A) 

N2  +  A  atm. 

100  A 

N2 

Air 

1 

80 

0.8 

1.18 

Blue  hake 

6.2 

1.16 

Blue  hake 

6.0 

1.22 

Common  ratfish 

80 

7.2 

5.8 

1.00 

Common  ratfish 

80 

7.6 

6.1 

1.61 

Common  ratfish 

80 

7.4 

5.9 

1.08 

Rosefish 

50 

20.0 

10.0 

0.94 

Rosefish 

50 

20.0 

10.0 

0.87 

Long-nosed  eel* 

167 

1.94 

Moray  eel* 

9 

1.85 

Air* 

1 

1.18 

*  Schloesing  and  Richard,   1896. 
Muraena  helena. 


Long-nosed  eel,   Synapfwbranchtis  pinnatus;   Moray  eel, 


twice  the  diffusion  coefficient  of  nitrogen,  one  would  expect  the  argon  fraction  to 
tend  to  be  low  rather  than  high  (Scholander  and  van  Dam,  1953). 

There  are  unfortunately  no  data  available  on  the  argon/N.,  ratio  in  the  white- 
fish,  nor  on  the  presence  of  organic  gases,  which  would  appear  as  nitrogen. 

THEORIES  FOR  SECRETION  OF  INERT  GASES 

Two  theories  have  been  offered  to  explain  the  high  nitrogen  tensions. 

a.  The  bubble  theory.  Powers  ct  al.  (1932)  assumed  that  the  Root  effect 
would  result  in  the  formation  of  bubbles  and  that  these  when  entering  the  swim- 
bladder  would  transport  nitrogen  in  from  the  surroundings.  If  the  Root  effect 
were  responsible,  the  highest  possible  local  pressure  increase  would  be  in  the  blood, 
and  the  bubbles  would  form  there,  and  as  Koch  (1934)  pointed  out,  it  is  hard  to 
see  how  they  would  get  out  of  the  blood.  Haldane  (1922)  pointed  out  that  "bends" 
in  human  divers  occur  only  if  the  pressure  is  diminished  by  more  than  50%  at  a 
time.  The  highest  increase  in  the  plasma  which  dissociation  of  9  vol.  %  oxygen 
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could  give  is  3  atmospheres.  Operating  with  blood  equilibrated  at  100  atmospheres' 
oxygen  pressure  in  our  cuvette,  bubbles  never  formed  at  sudden  drops  of  pressure, 
even  ten  times  3  atmospheres.  Hence  in  deep  sea  fishes  gas  bubbles  cannot  very 
well  form  in  the  capillaries  of  the  gland  or  of  the  rctc.  Experimentally,  gas  bubbles 
have  nut  been  observed  to  form  within  living  cells,  even  after  decompression  from 
very  high  gas  pressures  (Harvey  ct  al.,  1944).  In  shallow  fishes,  however,  gas 
bubbles  were  seen  to  form  in  the  mucus  covering  the  gland  when  the  gland  was 
stimulated  to  activity  (Fange,  1953). 

1).  Secretion  by  change  in  the  solubility  coefficient.  The  second  theory,  pro- 
posed by  Koch  (1934),  seems  to  offer  a  possible  mechanism  for  the  increase  in 
nitrogen  and  inert  gases.  He  considered  the  possibility  that  by  some  means  the 
blood  in  the  swimbladder  vessels  would  have  a  lower  solubility  coefficient  for  gases 
than  it  does  outside  the  swimbladder.  This  could  come  about  by  an  increase  in 
the  temperature  of  the  active  gland,  or  by  added  solutes. 

Any  metabolic  heat  gradient  would  certainly  lie  very  small,  as  the  swimbladder 
wall  has  no  aspect  of  being  a  thermal  insulator.  Due  to  the  extraordinry  exchange 
capacity  of  the  rctc  there  would  be,  if  any,  only  an  infinitesimal  difference  in  the 
temperature  of  blood  entering  and  leaving  the  rctc.  Hence  they  would  have  the 
same  nitrogen  capacity  and  N2  deposition  could  then  not  occur  (equation  6). 

If  the  solubility  were  depressed  by  the  addition  of  some  solute  entering  the  blood 
from  the  gland,  the  nitrogen  tension  would  slightly  increase  on  the  venous  side. 
If  this  situation  persisted  so  that  the  blood  would  leave  the  rctc  with  a  decreased 
solubility  coefficient  the  following  relation  would  obtain,  using  the  symbols  given 
above  and  essentially  equations  1  and  2  : 

P«2V  =  =  pQ  1 

=  :   (a  +  p)a2Vj 


--  a,>)Q 
a22V 

The  numerical  values  for  the  constants  are  :  a  --  0.8  atm.  ;  <x1  --  0.0202  cc./cc./ 
atm.  ;  a  --  0.0200  cc./cc.  /atm.  ;  V  :  1  cc./min.  Q  is  directly  proportional  to  the 
diffusion  constant  which  for  No  is  about  half  that  of  oxygen.  O  is  therefore  for 
nitrogen  65  cc./cm./cm.2/min./atm. 

If  we  have  a  \%  decrease  in  solubility  at  the  exit  of  the  rctc  the  equilibrium 
pressure  P  would  lie  26  atmospheres.  Theoretically,  therefore,  one  could  get 
enough  pressure  built  up.  It  is  obvious  that  the  rate  of  N2  deposition  by  this 
means  would  lie  exceedingly  slow,  since  each  cubic  centimeter  of  blood  would  only 
transport  in  0.16  mm.:!  N,/min. 

A  striking  thing  about  the  nitrogen  tension  in  the  swimbladders  of  our  marine 
fishes  is  that  in  most  of  them  it  increases  linearly  with  the  depth,  as  if  the  nitrogen 
were  produced  as  a  constant  percentage  of  the  oxygen  secretion.  This  observed 
phenomenon  (P^/Po-  ~-  2-15^,  and  independent  of  pressure)  could  only  be  de- 
rived from  the  equations  5  and  7  it"  R  were  either  proportional  to  the  pressure  or  if  it 
were  constant,  neither  of  which  assumption  seems  likely  to  be  true.  There  is  a 
further  difficulty  with  the  proposed  theory  where  an  x-substance  produces  the 
lowering  of  the  solubility  coefficient,  in  that  if  the  substance  were  diffusible  it  would 
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be  likely  to  concentrate  enormously  in  the  inner  part  of  the  rcte.  And  if  it  were 
not  diffusible  how  would  it  have  entered  the  blood  stream  in  the  first  place?  An- 
other serious  difficulty  is  that  physostomes  like  the  whitefish  evidently  lack  a  typical 
rete. 

Conclusions.  The  nitrogen-to-argon  ratio  in  the  swimbladder  of  deep  sea  fishes 
was  found  to  IDC  approximately  that  of  the  sea  water  and  atmosphere,  confirming 
what  was  found  earlier  by  Schloesing  and  Richard  (1896).  In  these  fishes,  there- 
fore, the  nitrogen  has  not  been  chemically  secreted. 

The  theory  of  Koch  (1934)  that  nitrogen  and  argon  might  be  secreted  into  the 
swimbladder  by  a  decreased  solubility  coefficient  in  the  effluent  blood  of  the  rete 
has  been  evaluated  quantitatively.  Although  high  enough  equilibration  pressures 
of  nitrogen  could  be  achieved  by  a  small  change  in  the  solubility  coefficient,  the 
constant  ratio  N2/O2  at  all  depths,  as  actually  found,  cannot  readily  be  explained 
by  this  theory.  The  theory  may  not  apply  to  physostomes,  like  the  whitefish, 
which  seem  to  lack  a  typical  rcte. 

During  this  work  I  have  received  many  suggestions  from  stimulating  discus- 
sions with  Dr.  A.  C.  Redfield  and  Dr.  L.  van  Dam  at  the  Woods  Hole  Oceanog- 
raphic  Institution.  I  am  much  obliged  to  Dr.  A.  O.  C.  Nier  and  to  Mr.  Bailey 
Donnally  at  the  Physics  Department  of  the  University  of  Minnesota  for  mass 
spectrographic  analyses  of  the  argon/nitrogen  ratio  in  the  swimbladder  gases.  Dr. 
George  Wislocki,  Department  of  Anatomy,  Harvard  Medical  School,  has  gener- 
ously given  his  help  and  advice  with  regard  to  the  histological  material.  This  long- 
preserved  material  was  most  skillfully  prepared  by  Mrs.  Edith  Herman  and 
photographed  by  Mr.  Leo  Talbert  of  the  same  department.  I  am  much  indebted 
to  Dr.  C.  M.  Breder,  Jr.,  of  the  American  Museum  of  Natural  History,  for  ar- 
ranging our  work  at  the  Lerner  Marine  Laboratory,  and  I  wish  to  thank  Mr. 
Michael  Lerner  and  the  staff  of  the  Lerner  Marine  Laboratory  for  all  the  help 
they  extended  to  us.  Mr.  W.  C.  Schroeder  of  the  Woods  Hole  Oceanographic 
Institution  gave  us  the  best  of  facilities  on  board  the  dragger  Cap'n  Bill  II,  and 
for  much  assistance  in  the  laboratory  and  with  the  manuscript  thanks  are  due  to 
Dr.  L.  van  Dam  and  Mrs.  Susan  I.  Scholander. 

SUMMARY 

1.  The  structure  and  dimensions  are  given  for  the  rcte  inirahilc.     It  is  inter- 
preted as  a  counter  current  diffusion  exchange  mechanism  between  the  afferent  and 
efferent  rete. 

2.  This  diffusion  exchange  has  been  quantitatively  evaluated  for  O2,  CO,,  and 
No.     The  arrangement  makes  possible  the  maintenance  of  a  steep  tension  gradient 
within  the  rcte,  so  that  the  oxygen  loss  from  the  leaving  blood  can  be  extremely  low. 

3.  Quantitative  evaluation  of  the  efficiency  of  the  rcte  diffusion  makes  it  clear 
that  the  limiting  equilibrium  pressure  in  the  swimbladder  could  be  extremely  high, 
and  that  the  limiting  factor  lies  mainly  in  the  dissociation  pressure  of  the  chemical 
or  physical  reaction  which  ultimately  splits  off  the  oxygen. 

4.  The  nature  of  the  responsible  compound  and   reaction   is   unknown.     The 
anatomical  arrangement  of  the  glandular  structure  and  the  rclc  is  suggestive  of  a 
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cellular  secretion  of  oxygen  rather  than  of  a  mechanism  that  splits  off  oxygen  in 
the  hlood. 

5.  Data  on  the  deposition  of  nitrogen  against  high  pressures  which  were  previ- 
ously found  in  deep  sea  fish  have  been  confirmed  and  extended.  The  argon-to- 
nitrogen  ratio  in  the  swimbladder  gas  suggests  that  the  nitrogen  has  entered  the 
swimbladder  via  some  physical  mechanism.  The  possibility  that  this  is  brought 
about  by  a  lowering  of  the  nitrogen  solubility  coefficient  in  the  efferent  rctc  is 
discussed. 
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It  will  be  generally  accepted  that  the  locomotory  behavior  of  any  animal  in  its 
ordinary  life  is  a  reaction  or  response  resulting  from  the  host  of  stimuli  both  in- 
ternal and  external  which  are  continually  acting  upon  it.  The  physiological  analy- 
sis of  such  resultants  is  so  obviously  complex  that  here,  as  in  most  other  fields, 
investigators  have  felt  it  desirable  to  commence  investigation  in  simplified  situations 
where  the  number  of  independent  variables  operating  simultaneously  is  kept  as  few 
as  possible.  As  a  consequence  much  has  been  learned  about  the  reactions  of  a 
great  variety  of  animals  to  light,  when  temperature,  gravity,  humidity,  nutritional 
state,  etc.,  are  kept  constant ;  of  the  reaction  to  temperature  if  light  and  the  other 
possible  variables  are  kept  constant,  and  so  on.  The  relatively  enormous  litera- 
ture which  has  resulted  has  been  admirably  summarized  by  Fraenkel  and  Gunn 
(1940). 

It  is  evident,  however,  that  if  a  complete  understanding  is  to  be  obtained  of  the 
sensori-motor  mechanisms  and  the  nervous  system  which  integrates  them,  experi- 
ments will  be  required  in  which  the  reactions  to  the  simultaneous  application  of 
several  stimuli  are  studied.  Initial  steps  in  this  direction  have  already  been  made 
in  a  number  of  instances.  Even  Mendelssohn  (1902)  in  his  early  work  with 
protozoa  showed  that  the  responses  of  the  organisms  to  two  simultaneously  acting 
stimuli  were  varied  and  depended  upon  the  experimental  arrangements.  With 
the  proper  conditions  the  stimuli  reinforced  one  another.  Under  other  conditions 
the  effect  of  one  or  the  other  stimulus  prevailed — to  a  degree  which  was  related  to 
the  relative  strengths  of  the  two  stimulating  conditions. 

(  )f  the  stimuli  which  can  be  combined,  light  and  temperature  are  among  the 
most  easily  controlled  from  an  experimental  standpoint  and  are  possibly  among  the 
most  important  factors  affecting  organisms  from  moment  to  moment.  It  is  well 
known  that  when  organisms  are  free  to  move  about  in  a  gradient  of  temperature 
they  tend  to  be  confined  to  some  particular  relatively  small  range  of  temperature 
which  they  are  then  said  to  have  "selected."  (See  Fraenkel  and  Gunn,  1940; 
Sullivan  and  Fisher,  1953;  Stinson  and  Fisher,  1953,  for  references.)  It  is  equally 
well  established  that  given  both  a  lighted  and  a  darkened  area  many  organisms 
select  one  or  the  other  (Fraenkel  and  Gunn,  1940;  for  fish  specifically  see  Schiche, 
1921;  Young,  1935;  Breder  and  Rasquin,  1950;  Collins,  1952  and  Lowe,  1952). 
There  are  instances  in  which  some  particular  intensity  was  selected  in  a  gradient 
of  light  intensity  (Weber,  1W;  Henschel,  1929;  Totze.  1(J33;  Ullyott,  1936  and 
Herrstrom,  1949). 

1  Tliis  investigation  was  assisted  by  a  grant  from  tbe  National   Research  Council  of  Canada. 
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The  interrelations  of  the  effects  of  light  and  temperature  are  clearly  of  interest. 
Some  have  already  been  described.  Thus  Herter  (1923h)  reported  that  house 
crickets  selected  a  higher  temperature  in  diffuse  daylight  than  they  did  when  ex- 
posed to  lower  levels  of  illumination,  while  red  ants  (Herter.  1923b.  1924)  and 
flower  beetles  (Bodenheimer  and  Schenkin.  1928)  selected  a  lower  temperature  in 
daylight  than  when  less  intensely  illuminated.  Actually  there  are  apparently  some 
instances  in  which  no  interrelation  exists.  Thus  Herter  (1923a,  1924)  found  that 
the  temperatures  selected  by  fireflies  and  field  crickets,  respectively,  were  inde- 
pendent of  the  incident  light  intensity. 

The  distribution  of  organisms  in  such  a  non-uniform  environment  as  a  tempera- 
ture gradient  is  characterized  not  only  by  its  mode,  which  is  taken  as  the  condition 
selected,  but  also  by  its  spread.  The  latter  indicates  the  sharpness  or  precision  of 
the  selection  and  has  been  measured  by  the  standard  deviation  of  the  distribution. 
Herter  (1923b,  1924)  showed  in  this  way  that  the  precision  of  temperature  selec- 
tion by  adults  of  Acheta  doincstica  and  Lyoc/ryllns  cainpestris,  respectively,  was 
greater  (i.e.,  the  standard  deviation  was  smaller)  in  light  than  in  the  dark.  Al- 
though Bodenheimer  and  Schenkin  (1928)  do  not  discuss  this  point,  the  standard 
deviations  of  the  distributions  they  observed  for  the  flour  beetle  and  for  Scan  thins 
acgyptius  were  not  the  same  in  darkness  and  in  light.  In  these  cases  temperature 
selection  appeared  more  precise  in  the  dark  than  in  the  light. 

The  effect  of  the  ambient  light  intensity  on  temperature  selection  by  fish  does 
not  appear  to  have  been  examined,  although  the  reverse  experiment,  the  effect  of 
different  constant  temperatures  on  light  selection  has  been  reported  (cf.  Andrews, 
1946  and  the  preliminary  work  by  Collins,  1952).  Moreover,  although  the  be- 
havior of  fish  in  response  to  simultaneously  operating  factors  has  been  examined 
in  certain  connections,  the  distribution  of  fish  in  an  environment  in  which  there 
were  non-uniformities  of  light  as  well  as  of  temperature  does  not  appear  to  have 
been  studied.  We  have  therefore  determined  the  selected  temperature  of  trout 
and  the  precision  of  selection  at  two  light  intensities  and.  because  it  was  a  necessary 
prerequisite,  the  precision  of  selection  in  successive  experiments  with  the  same 
fish ;  data  were  also  obtained  which  establish  the  nature  of  the  distribution  to  be 
expected  in  an  environment  in  which  non-uniformities  of  light  and  temperature  are 
superimposed. 

MATERIALS  AND  METHODS 

The  experimental  animals  were  young  speckled  trout,  Salvelinns  fontinalis 
Mitchill,  two  to  three  inches  long.  They  were  obtained  from  a  private  hatchery  - 
and  held  in  running  Toronto  tap  water. 

For  all  the  experiments  to  be  discussed,  a  five-foot  long  copper-bottomed  trough 
with  glass  sides  was  used.  This  apparatus,  the  method  of  establishing  and  main- 
taining a  temperature  gradient  in  it  and  the  procedure  followed  to  determine  the 
temperature  selected  by  the  experimental  organisms  have  been  described  previously 
(Sullivan  and  Fisher,  1953). 

For  the  experiments  to  be  reported  here  the  trough  was  provided  with  an  ar- 
rangement of  lights  and  opaque  light  shields  ("covers")  by  means  of  which  the 
desired  lighting  conditions  were  set  up.  A  diagram  showing  the  trough  and  the 

2  It  is  a  pleasure  to  acknowledge  the  cooperation  of  Mr.  Herbert  Pearen  of  Hornings  Mills, 
Ontario,  in  this  connection. 
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light  shields  in  cross  section  will  be  found  in  Figure  1.  The  trough  in  which  the 
fish  were  placed  is  designated  as  (a).  Shield  (b)  was  closely  applied  to  the  back 
of  the  trough  (a),  and  effectively  prevented  any  entrance  of  light  from  that  direc- 
tion. Shield  (c)  similarly  covered  the  front  of  the  trough  except  for  a  longitudinal 
slit  along  the  bottom  which  permitted  observation  of  the  fish  in  the  trough.  Shield 
(d)  was  made  of  several  overlapping  sections  so  that  by  removing  appropriate 
sections  and  adjusting  the  remaining  ones  any  desired  region  of  the  trough  could 
be  illuminated.  To  make  the  boundary  between  the  lighted  regions  and  the  dark 


FIGURE  1.     Diagram  of  trough  and  light  shields;  cross-section. 

regions  as  sharp  as  possible,  vertical  shields  were  hung  from  the  edges  of  cover 
(d)  to  within  !/2  inch  of  the  surface  of  the  water  in  the  trough. 

Light  was  provided  by  a  row  of  six  electric  bulbs  evenly  spaced  along  the  back 
of  the  apparatus.  The  illuminated  surfaces  of  shields  (e)  and  (f)  were  left  their 
natural  color  (light  buff)  so  as  to  provide  diffuse  reflection  of  light  into  the  un- 
covered regions  of  the  trough.  All  other  surfaces  were  painted  flat  black. 

Two  types  of  experiments  were  done.  For  the  first  type,  in  which  the  whole 
trough  was  evenly  illuminated,  all  the  sections  of  shield  (d)  were  removed.  Under 
ti'  circumstances  "bright"  light  was  provided  by  using  25-watt  bulbs  in  the  six 
sockets;  "dim"  light  was  obtained  by  using  71/2-watt  bulbs  and  covering  the  whole 
row  of  bulbs  with  thin  white  cardboard  ((g)  in  Fig.  1). 
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For  the  second  type  of  experiment,  in  which  only  part  of  the  trough  was  il- 
luminated, the  required  region  was  uncovered  by  adjusting  shield  (d).  Six  25- 
watt  bulbs  were  used.  The  intensity  of  light  in  the  uncovered  region  was  reduced 
as  required  by  placing  one  or  more  layers  of  white  paper  over  the  opening  in 
shield  (d). 

RESULTS 

The  effect  of  the  incident  light  intensity  on  the  selection  of  temperature  may 
be  determined  either  by  studying  a  given  group  of  fish  at  each  of  the  light  intensities 
to  be  used,  or  by  using  several  groups  of  fish  each  of  which  is  studied  at  only  one 
intensity.  The  first  of  these  procedures  involves  the  subjection  of  a  group  of  fish 
to  two  or  more  light  intensities  in  succession.  In  it  there  is  clearly  a  possibility  that 
the  behavior  in  the  second  and  any  subsequent  exposures  in  the  gradient  may  be 
affected  by  the  previous  experience  in  the  gradient.  A  serial  effect  of  this  kind 
is  of  interest,  of  course,  not  only  because  it  might  affect  the  interpretation  of  the 
data  obtained  by  procedure  one,  but  also  for  its  own  sake,  since  the  existence  of 
any  such  serial  effect  would  be  indicative  of  a  kind  of  learning  by  the  organisms. 
The  first  experiments  to  be  discussed  here  provide  data  about  the  serial  effect  in 
gradient  experiments. 

Effect  of  successive  exposures  to  the  temperature  gradient 

Each  of  nine  groups  of  fish  was  studied  upon  three  or  more  occasions,  these 
being  separated  by  one  week  or  more.  The  light  intensity  used  ("bright,"  see 
Methods)  was  constant  along  the  gradient  and  was  the  same  throughout  all  of  these 
experiments.  Typically  the  histogram  which  described  the  distribution  of  the  fish 
in  each  experiment  was  definitely  peaked.  There  was  a  considerable  variation  in 
the  number  of  observations  in  the  modal  group  from  day  to  day  and  from  group 
to  group  of  experimental  animals.  It  was  not  possible,  however,  to  detect  any 
consistent  change  in  the  value  of  the  temperature  selected  from  trial  to  trial  other 
than  those  that  normally  occur  with  changing  seasons  (Sullivan  and  Fisher,  1953). 

It  seems  then  that  as  far  as  the  actual  temperature  selected  was  concerned  there 
was  no  serial  effect.  The  sharpness  of  the  selection  on  the  other  hand,  as  indi- 
cated by  the  standard  deviations  of  the  various  distributions,  did  appear  to  change 
with  successive  determinations.  These  standard  deviations  are  listed  in  Table  I 
and  it  is  evident  from  the  mean  values  that  the  distributions  tended  to  be  spread 
out  more  on  the  temperature  axis  in  the  initial  trial  than  in  subsequent  ones.  More- 
over the  tendency  for  the  standard  deviation  to  decrease  in  successive  trials  may  be 
seen  in  each  of  the  individual  groups  of  fish  with  the  exception  of  groups  4  and  6- 
and  it  is  particularly  apparent  in  the  cases  of  groups  1,  2  and  3.  which  were  each 
observed  in  four  successive  experiments.  The  mean  value  for  the  nine  groups  in 
trial  1  is  significantly  different,  in  the  statistical  sense,  from  the  mean  value  in 
trial  2  (t  •-  2.5,  n  =  8,  probability  4%).  The  mean  value  for  the  groups  in  trial 
1  is  likewise  different  from  that  in  trial  3  (t  "  2.6,  «  ==  8,  probability  4%}. 

In  these  experiments,  then,  the  standard  deviation  of  the  distribution  of  a  group 
of  fish  in  the  gradient  decreased  somewhat  with  successive  tests  up  to  the  third  nr 
fourth  such  tests.  It  is  not  at  all  apparent  how  this  could  have  been  an  artifact 
resulting  from  the  experimental  conditions  and  so  it  must  be  concluded  that  it  was 
a  property  of  the  organisms  themselves.  Experience  in  the  gradient  per  se  or  be- 
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TABLE  I 

Standard  deviations  of  selection  histograms  obtained  in  successive  trials 
of  nine  groups  of  fish  in  temperature  gradients 


Group 

Trial  1 

Trial  2 

Trial  3 

Trial  4 

Trial  5 

1 

4.38 

3.48 

3.53 

3.02 

3.02 

2 

4.95 

5.07 

4.71 

4.32 

3 

4.56 

4.08 

3.96 

3.60 

4 

2.94 

2.91 

3.09 

5 

3.44 

3.36 

2.84 

6 

4.23 

4.23 

4.17 

7 

4.62 

3.84 

4.38 

8 

4.62 

3.99 

3.75 

9 

4.68 

3.24 

3.02 

Mean 

4.27 

3.80 

3.72 

3.68 

cause  of  the  development  in  the  fish  of  a  familiarity  with  the  apparatus  led  to  a 
sharper,  i.e.,  more  precise,  selection  of  temperature. 

Effect  of  incident  light  intensity  on  temperature  selection 

The  experiments  made  to  determine  the  precision  of  temperature  selection  in 
bright  and  dim  light  involved  four  different  groups  of  fish,  each  consisting  of  ten 
individuals.  Each  group  was  divided  into  two  lots,  designated  (a)  and  (h),  re- 
spectively. Lot  (a)  of  each  group  was  examined  first  in  dim  light  and  then,  in  a 
second  experiment,  in  bright  light,  while  lot  (b)  was  examined  first  in  bright 
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light  and  then,  in  a  second  experiment,  in  dim  light.  These  two  determinations 
of  the  selected  temperature  were  the  only  ones  made  on  each  of  the  two  lots  of 
groups  one,  two  and  three.  A  third  determination  was  made,  however,  in  the  case 
of  the  two  lots  of  group  four,  and  for  this  determination  each  lot  was  exposed  again 
to  the  initial  illumination  condition  which  it  had  experienced. 

Histograms  showing  the  average  distribution  of  the  organisms  in  dim  and  bright 
light  respectively  are  shown  in  Figure  2a  and  b.  It  may  be  seen  that  a  more 
peaked  distribution  occurred  in  the  dim  light  (Fig.  2a).  The  standard  deviation 
of  the  distribution  in  Figure  2a  is  4.08  as  compared  with  4.62  in  Figure  2b.  Ap- 
parently the  precision  of  selection  was  greater  in  the  dim  than  in  bright  light. 
Such  experiments  as  these  which  have  just  been  discussed  involved  subjection  to 
two  different  light  intensities  successively,  and,  as  was  noted  above,  repetition  of 
temperature  selection  experiments  tends  to  elicit  sharper  selection.  As  a  conse- 
quence it  could  be  expected  that  the  apparent  difference  between  the  sharpness  of 


TABLE  II 


Group 


Dark 


Light 


Time  in  gradient 


(b)  5-46 
4-98 


In  this  series  la  and  Ib  were  tested 
one  day  and  five  days  later  la  was 
tested  twice,first  in  light,then  in  dark 


2                  (d)   3.46  —  -_ 
3-81  ^~~ 

>^(b)4.86 
^^4-23 

First 
Second 

3                    (0)  4-7  1  —  -_ 

x^(>)  4-83 

First 
Second 

4                 (a)  4.35—--. 
3-96  -^ 
3-72  <&-~ 

:^<~(b)  4-59 
^^3-96 

First 
Second 
Third 

selection  in  dim  and  bright  light  would  be  greater  when  the  first  determination  was 
made  in  bright  light  than  when  it  was  made  in  dim  light.  In  the  one  case,  the  effect 
of  repetition  would  reinforce  the  change  due  to  the  difference  in  light  intensity, 
while  in  the  other,  it  would  tend  to  cancel  it.  It  is  of  interest,  therefore,  to  examine 
the  standard  deviations  of  the  individual  distributions  which  were  combined  to 
produce  Figure  2.  They  are  given  in  Table  II.  The  values  joined  by  arrows 
were  determined  on  the  same  lot  of  fish,  the  sequence  of  the  experiments  in  light 
and  dark  being  indicated  by  the  direction  of  the  arrows. 

If  one  examines  the  instances  in  which  the  determination  was  made  first  in 
bright  and  then  in  the  dim  illumination  (one  instance  for  each  of  groups  2  and  3 
and  two  instances  for  group  4)  it  may  be  seen  that  without  exception  the  standard 
deviations  are  considerably  greater  in  bright  than  in  dim  light.  When,  however, 
the  instances  are  taken  in  which  a  given  group  of  fish  was  observed  first  in  dim 
and  then  in  bright  light,  the  standard  deviation  in  the  second  experiment  is  greater 
than  that  in  the  first  in  only  one  instance  (Group  3a).  In  one  case  (4a,  second  and 
third  trials)  the  standard  deviations  are  the  same  while  in  the  remaining  three 
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cases  the  standard  deviation  of  the  first  determination  in  dim  light  is  actually  con- 
siderably less  than  that  of  the  second  experiment  in  bright  light. 

As  was  to  be  expected  then,  the  serial  effect  enhanced,  if  anything,  the  change 
in  standard  deviation  seen  when  the  organisms  were  examined  first  in  bright  light 
but  it  reduced  or  reversed  the  change  due  to  lighting  conditions  when  the  experi- 
ments in  dim  light  were  done  first. 

There  is  then  no  question  that  a  given  lot  of  fish  select  more  sharply  in  dim 
light  than  in  bright  light  and  it  is  evident  that  the  serial  effect  operates  even  though 
the  additional  factor  of  light  intensity  is  also  involved. 

These  experiments  in  which  the  standard  deviation  of  the  temperature  selection 
distribution  were  determined  at  the  different  light  intensities  also  provide  informa- 
tion about  the  temperature  selected  at  the  two  light  intensities.  Nine  comparisons 
of  the  temperature  selected  by  the  (a)  lots  at  one  light  intensity  with  the  tempera- 
ture selected  by  the  (b)  lots  at  the  other  intensity  may  be  made. 

The  pairs  of  values,  in  °  C..  were  as  follows,  the  top  member  of  each  pair  being 
the  observations  in  bright  light  in  each  case : 


13.2 
13.4 

13.2 
13.4 

11.5 
10.9 

8.1 

8.1 

12.2 
10.5 

10.3 
10.6 

10.5 
10.5 

7.5 
7.9 

7.8 
9.0 

The  mean  value  at  both  intensities  was  10.5°  C.     It  mav  be  concluded  that  the 

r> 

temperature  selected  by  brook  trout  is  not  dependent  on  the  ambient  light  intensity 
within  the  limits  of  intensity  used  here.  The  selected  temperatures  listed  for  both 
bright  and  dim  light  do  show  a  trend  toward  lower  values,  because  the  determina- 
tions were  made  in  the  autumn  when  a  seasonal  shift  in  the  temperature  selected 
by  trout  regularly  occurs  (Sullivan  and  Fisher.  1953). 

Interference  between  selection  of  light  and  temperature 

For  this  part  of  the  study  two  experiments,  i.e.,  determinations  of  the  distribu- 
tion of  five  organisms  in  the  experimental  temperature  gradient,  were  done  each 
day.  In  the  first  or  control  experiment  a  group  of  five  fish  was  observed  for  two 
hours  (five  fish,  each  located  forty-eight  times,  making  a  total  of  two  hundred  and 
forty  observations)  in  the  temperature  gradient  with  the  gradient  trough  completely 
covered.  In  this  experiment  the  selected  region  was  established.  In  the  second 
experiment  a  comparable  group  of  organisms  from  the  same  laboratory  stock  was 
used,  and  the  region  selected  in  the  control  experiment  was  exposed  to  the  desired 
illumination.  The  highest  intensity  employed  will  be  arbitrarily  designated  100% 
(this  corresponds  to  an  incident  illumination  density  of  approximately  15  foot 
candles)  ;  other  intensities  will  be  specified  relative  to  this.  It  may  be  recorded 
here  that  as  a  consequence  of  the  particular  light  arrangements  used  in  these  ex- 
periments (described  under  Methods)  the  intensity  of  light  in  the  darkened  regions 
of  the  trough  was  found  to  be  practically  independent  of  the  intensity  in  the  lighted 
region.  The  actual  intensity  of  the  darkened  parts,  as  well  as  the  intensity  of  the 
whole  trough  when  it  was  uniformly  lighted  with  "dim"  light  was  approximately 
i '  •  on  the  arbitrary  scale. 

Typical  examples  of  the  distributions  found  with  the  selected  region  (always 
taken  to  be  one  third  of  the  length  of  the  gradient  trough)  illuminated  at  the 
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FIGURE  4.  FIGURE  3. 

FIGURE  3.  Distribution  of  trout  in  the  temperature  gradient.  The  horizontal  axis  repre- 
sents inches  along  the  trough  and  the  vertical  axis  represents  frequency  of  observations  of  fish. 
Light  conditions  in  each  experiment  are  indicated  by  the  black  bars.  Illumination  of  a  particular 
region  of  the  trough  is  indicated  by  interruption  of  the  black  bar  over  that  region.  The  relative 
intensity  of  illumination  of  the  exposed  region  in  each  experiment  is  given  by  the  figure  at  the 
upper  right  of  each  distribution. 

FIGURE  4.  Distribution  of  trout  in  the  trough  at  constant  temperature.  For  further  ex- 
planation see  the  legend  of  Figure  3. 
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intensities  indicated  at  the  right  of  each  histogram,  respectively,  are  given  in  Fig- 
ure 3.  The  distribution  at  the  top  of  the  figure  was  found  when  the  trough  was 
uniformly  illuminated.  The  black  bar  indicates  that  the  light  was  dim,  i.e.,  the 
whole  trough  was  covered.  Normal  temperature  selection  took  place.  The  dis- 
tribution shown  at  the  bottom  of  the  figure  resulted  when  the  selected  region  was 
illuminated  with  the  highest  intensity.  With  this  condition,  as  noted  above,  the 
density  of  illumination  in  the  lighted  region  was  approximately  100  X  that  of  the 
darkened  region.  It  is  apparent  that  this  difference  in  intensity  along  the  trough 
produced  a  marked  effect.  The  region  now  illuminated  rarely  contained  organisms 
although  the  latter  were  observed  in  it  more  frequently  than  elsewhere  when  the 
only  non-uniformity  was  temperature.  Those  animals  which  did  occasionally  move 
into  the  lighted  region  characteristically  swam  rapidly  through  it  to  the  shade  on 
the  other  side.  Most  of  the  organisms  were  observed  to  stay  just  under  the  edges 
of  the  covers  on  either  side  of  the  lighted  area,  moving  about  quietly  and  thus  giving 
rise  to  the  distribution  shown  in  the  figure.  It  is  evident  that  the  reaction  of  the 
organisms  to  the  non-uniformity  of  the  illumination  conditions  was  stronger  than 
was  the  reaction  to  the  non-uniformity  of  temperature. 

With  the  selected  region  illuminated  at  an  intensity  of  33%,  normal  tempera- 
ture selection  did  not  occur  although  Figure  3  shows  that  the  effect  of  the  light 

O  O  O 

was  not  as  great  as  at  an  intensity  of  100%.  At  intensities  of  22%  and  18%,  it 
appeared  that  the  light  was  not  effective  in  keeping  the  organisms  out  of  the  selected 
region.  Essentially  normal  temperature  selection  was  found  at  these  and  lower 
levels  of  illumination. 

These  experiments  did  not  show  whether  the  fish  were  simply  incapable  of  per- 
ceiving light  at  the  lower  intensities,  or  whether  the  response  to  light  at  these  in- 
tensities was  actually  "overruled,"  as  it  were,  in  the  central  nervous  system  of  the 
organisms  by  the  reaction  to  temperature.  To  obtain  information  on  this  point 
some  experiments  were  made  with  the  trough  at  a  uniform  temperature  of  11°  C., 
the  middle  third  of  the  trough  being  illuminated  at  different  intensities  in  exactly 
the  same  way  as  was  done  when  a  temperature  gradient  was  used.  Data  typical 
of  those  obtained  in  such  experiments  are  given  in  Figure  4.  In  each  case  the 
light  intensity  was  the  same  as  that  used  in  the  gradient  experiment  which  appears 
beside  it  in  Figure  3.  It  may  be  seen  in  Figure  4  that  all  intensities  down  to  and 
including  18%  of  the  maximum,  effectively  kept  the  trout  out  of  the  illuminated 
area.  At  an  intensity  of  14%  they  were  relatively  indifferent  to  the  light  and  the 
distribution  at  this  intensity  was  not  significantly  different  from  that  found  with 
the  trough  uniformly  darkened  and  at  a  constant  temperature. 

It  will  be  noted  that  although  the  organisms  stayed  out  of  intensities  18%  and 
22%  when  the  trough  was  at  a  uniform  temperature,  they  occupied  areas  illumi- 
nated at  these  intensities  in  the  temperature  gradient  when  the  selected  tempera- 
ture was  arranged  to  occur  in  them.  It  is  thus  evident  that  the  failure  of  light  at 
the  18  and  22%  levels  to  modify  the  distribution  in  the  temperature  gradient  was 
not  the  consequence  of  an  inability  to  perceive  or  appreciate  such  intensities.  In- 
stead it  must  be  concluded  that  there  was  competition  between  the  responses  to 
light  and  to  temperature  in  the  gradient.  The  intensity  of  light  which  the  fish 
would  enter  in  the  presence  of  a  temperature  gradient  was  considerably  greater  than 
the  intensity  which  they  would  enter  if  no  gradient  were  present.  At  high  light 
intensities  the  negative  response  to  light  predominated  and  the  trout  were  kept  out 
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of  the  selected  region  when  it  was  lighted.  As  the  intensity  of  light  was  reduced 
the  relative  effectiveness  of  the  light  and  temperature  stimuli  on  behavior  changed, 
and  at  an  illumination  of  approximately  20%,  the  response  to  temperature  had 
come  to  predominate  so  that  the  animals  selected  temperature  as  though  no  non- 
uniformity  of  illumination  existed. 

The  reactions  to  non-uniformities  of  light  described  above  were  interpreted  as 
"selections"  of  dim  light  in  preference  to  bright  light.  Theoretically,  at  least,  this 
could  have  been  incorrect.  Instead,  it  might  have  been  that  in  their  movements 
the  organisms  tended  to  preserve  the  existing  condition,  dim  or  bright,  rather  than 
move  across  a  demarcation  line,  from  dim  to  bright,  or  vice  versa.  In  other  words, 
the  fish  may  not  actually  have  selected  a  dim  light  rather  than  a  bright  one.  They 
may  simply  have  "hesitated,"  as  Breder  (1951-52)  expressed  it,  to  move  from  the 
one  condition,  dim,  to  the  other,  bright.  Should  this  be  the  case  then  it  would 
follow  that  the  selection  of  a  particular  region  in  a  temperature  gradient  would  be 
less  sharp  with  the  region  in  question  shaded  than  it  would  be  with  the  gradient 
uniformly  illuminated.  This,  however,  was  not  the  case.  When  the  region 
selected  in  the  temperature  gradient  was  shaded  with  the  remainder  of  the  trough 
highly  illuminated,  the  fish  selected  very  sharply — all  remained  under  the  cover. 
It  must  be  concluded  that  these  reactions  to  light  are  correctly  interpreted  as 
active  selection  of  some  intensities  in  preference  to  others ;  in  general,  selection  of 
dim  light  in  preference  to  bright  light. 

The  fish  used  throughout  the  investigation  reported  above  were  exposed  to 
the  normal  daily  fluctuations  of  light  intensity.  The  effect  of  eliminating  these 
fluctuations  for  a  period  prior  to  such  experiments  as  are  described  here  was  ex- 
amined in  two  instances.  For  one  of  these  a  group  of  fish  was  placed  in  a  white 
tank  and  exposed  continuously  for  three  weeks  to  the  light  of  a  60-watt  lamp 
placed  about  two  feet  above  the  water.  For  the  second  a  comparable  group  of 
fish  was  kept  in  continuous  darkness  for  three  weeks.  Each  group  was  then  tested 
in  a  gradient  with  the  selected  region  illuminated  and  the  rest  of  the  trough  dark- 
ened as  usual.  Both  the  light  and  the  dark  adapted  fish  were  kept  out  of  the 
selected  region  by  100%  light  and  there  was  no  detectable  difference  in  the  be- 
havior or  distribution  of  the  two  groups. 

It  would  be  expected  that  the  effect  of  light  in  these  experiments  was  mediated 
by  the  eyes.  That  this  is  in  fact  the  case  was  demonstrated  by  experiments  with 
blinded  fish.  These  were  found  to  select  temperature  perfectly  normally  even  with 
the  selected  region  exposed  to  the  maximum  intensity,  the  rest  of  the  trough  being 
in  ''darkness." 

SUMMARY 

1.  The  distribution  of  groups  of  five  speckled  trout  in  a  longitudinal  gradient 
of  temperature  wras  studied  under  a  variety  of  conditions  of  illumination. 

2.  The  modes  of  the  distributions,  i.e.,  the  selected  temperatures,  did  not  change 
with  successive  determinations  separated  by  a  week  or  more.     However  the  selec- 
tion of  temperature  became  more  precise  as  the  fish  acquired  experience  in  the 
apparatus. 

3.  Selection  of  temperature  was  apparently  more  precise  at  low  light  intensities 
than  at  high  intensities  although  the  actual  temperature  selected  did  not  vary  with 
the  light  intensity. 
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4.  Some  experiments  were  done  in  which  only  part  of  the  experimental  en- 
vironment was  illuminated.  When  temperature  was  constant  trout  would  not 
remain  in  the  lighted  part  unless  the  intensity  of  illumination  was  very  low.  When, 
in  a  gradient  of  temperature,  the  illuminated  part  was  made  to  coincide  with  the 
region  normally  selected  by  virtue  of  the  temperature,  it  was  found  that  at  high 
light  intensities  the  organisms  did  not  appear  in  the  illuminated  region.  Clearly 
a  response  to  light  prevailed.  At  intermediate  and  low  light  intensities,  on  the 
other  hand,  it  was  the  response  to  temperature  which  prevailed  and  in  spite  of  the 
illumination  the  organisms  selected  temperature  in  a  normal  way. 
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JULY  6,  1954 

An  action  spectrum  analysis  of  the  early  development  of  Drosophila.     ALLEN  S. 
GOLDMAN. 

An  action  spectrum  analysis  was  made  in  order  to  determine  the  identity,  location  and  role 
of  photo-inactivated  compounds  in  the  early  development  of  Drosophila.  The  superficial  cleavage 
of  this  egg  presents  two  early  stages  in  which  radiation  damage  to  the  nucleus  can  be  differ- 
entiated from  radiation  damage  to  the  cytoplasm.  Eggs  radiated  with  small  doses  of  ultra- 
violet when  the  nuclei  are  exposed  to  U.V.  radiation  either  develop  normally  or  show  an 
abnormal  retraction  of  their  protoplasm  resulting  in  complete  early  inhibition  of  their  develop- 
ment. 

Eggs  with  cytoplasm  exposed  and  nuclei  protected  within  the  interior  of  the  egg  were 
radiated  with  larger  doses  of  several  monochromatic  wave-lengths  of  the  U.V.  spectrum.  These 
embryos  either  developed  normally  or  showed  evisceration  of  their  yolk  or  herniation  of  their 
intestines.  Differentiation  of  the  rest  of  the  embryos  is  apparently  complete.  Eggs  radiated  with 
U.V.  wave-lengths  from  2700-3131  A  show  some  nuclear  damage  because  of  the  deeper  penetra- 
tion of  the  longer  wave-lengths  through  the  transparent  cytoplasm.  A  mathematical  confirma- 
tion provides  evidence  that  the  radiation  damage  to  the  cytoplasm  can  be  differentiated  from 
radiation  damage  to  the  nuclei. 

By  means  of  an  action  spectrum  analysis,  a  quantitative  assay  of  the  spectral  efficiencies  in 
causing  the  abnormalities  characteristic  of  eggs  radiated  with  cytoplasm  exposed  indicates  that 
the  absorbing  compounds  affected  are  purine-  and  pyrimidine-containing  compounds.  Further- 
more, since  the  affected  purine-  and  pyrimidine-containing  compounds  must  be  located  in  the 
cytoplasm,  a  working  hypothesis  is  adopted  that  cytoplasmic  nucleic  acid,  RNA,  is  the  affected 
compound  and  that  damage  to  this  compound  leads  to  the  observed  abnormal  tissue  movements 
and  presumably  to  abnormal  tissue  interactions. 

Radiosensitivity  with  respect  to  the  estrus  cycle  in  the  mouse.     R.  RUGH  AND  H. 
CLUGSTON. 

Radiobiological  studies  with  the  mouse  indicate  that  reproducible  results  can  be  achieved 
better  by  using  males  rather  than  females.  This  fact  led  to  a  study  of  survival  of  female  CFi 
mice  receiving  male  LD  50/30-day  x-ray  exposures  but  at  different  phases  of  the  estrus  cycle. 

Under  identical  geometrical  conditions  of  x-irradiation,  litter-mate  male  mice  exhibited  a 
lower  survival  value  than  any  females,  no  matter  in  what  stage  of  estrus  they  were  x-irradiated. 
Thus,  the  male  CFi  mouse  is  considered  to  be  more  radiosensitive  than  the  female. 

The  females  x-irradiated  during  estrus  had  the  best  survival  value  (66%  in  one  experi- 
ment) as  contrasted  with  those  x-irradiated  during  diestrus  (36 %  survival  at  625  r).  The  in- 
termediate stages  of  pre-  and  post-estrus  are  of  short  duration  (6  hours)  and  are  not  easily 
distinguished  by  the  vaginal  smear  method.  These  stages  are  critically  defined  as  having  ap- 
proximately equal  numbers  of  cornified  epithelial  cells  and  leucocytes.  They  were  therefore 
considered  together.  In  the  three  sets  <>f  data,  involving  500  mice,  the  survival  of  these  two 
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combined  stages  was  intermediate  between  the  estrus  and  diestrus  in  one  experiment  and  tended 
to  be  comparable  to  estrus  survival  in  the  others.  This  is  explained  on  the  probability  that  dur- 
ing pre-estrus  there  is  a  greater  secretion  of  estrogenic  hormones,  and  the  proportion  of  pre- 
and  post-cstrus  mice  in  the  three  experiments  would  vary. 

While  there  is  a  correlation  in  total  body  weight  of  the  female  mouse  with  the  phases  of 
estrus,  suggesting  hydration  changes  with  maxima  during  diestrus,  this  is  not  considered  as 
the  primary  factor  attributing  to  the  female  cyclic  changes  in  radiosensitivity.  Rather,  periods 
of  greatest  radiosensitivity  are  correlated  with  estrus,  and  it  is  believed  that  the  elaboration  of 
estrogens  provide  a  chemical  source  of  protection.  This  concept  is  supported  by  experimental 
data  in  protection  studies. 

The  relationship  betzvecn  the  surface  structure  and  the  electrophorctic  mobility  of 
E.  coli  bacteria.  CHARLES  C.  BRINTON,  JR.,  ANNE  BUZZELL  AND  MAX  A. 
LAUFFER. 

Microscope  electrophoresis  studies  revealed  that  a  variant  of  E.  coli  B  bacteria  showed 
either  organisms  with  a  mobility  of  approximately  2  microns/sec./volt/cm.,  or  organisms  with 
a  mobility  of  approximately  3.6  microns/sec./volt/cm.  in  a  medium  with  ionic  strength  .018 
buffered  to  pH  7.0  with  phosphate  salts.  Intermediate  values  of  mobility  were  not  observed, 
but  the  relative  numbers  of  fast  and  slow  organisms  varied  from  culture  to  culture.  Bacteria 
selected  for  resistance  to  Ti  bacteriophage  were  found  to  be  uniformly  fast. 

In  seeking  an  explanation  for  the  difference  between  fast  and  slow  organisms,  it  occurred 
to  us  that  a  difference  in  the  friction  coefficient  of  the  particle  might  be  responsible.  The  in- 
trinsic viscosities  of  a  concentrated  suspension  of  fast  organisms  and  of  a  concentrated  suspension 
of  slow  organisms  were  measured.  The  value  for  the  slow  organisms  was  found  to  be  3.3 
times  as  great  as  that  of  the  fast.  It  was  reasoned  that  such  a  high  intrinsic  viscosity  could  be 
brought  about  by  surface  irregularities.  Electron  microscopy  confirmed  this  by  revealing  on 
the  slow  organisms  filaments  about  150  A  in  diameter  and  of  length  up  to  a  micron  or  more, 
while  the  fast  organisms  were  without  such  filaments.  The  filaments  could  be  removed  by 
agitating  with  a  Waring  Blendor ;  previously  slow  organisms  became  electrophoretically  fast. 
De-filamented  organisms  were  viable,  and,  upon  incubation  and  multiplication,  filaments  were 
produced  and  the  organisms  again  became  slow. 

The  difference  between  filarnentation  and  non-filamentation  may  be  related  to  the  differ- 
ence between  rough  and  smooth  colony  form.  Bacteriophage  susceptibility  and  resistance  is 
associated  with  the  presence  or  absence  of  filaments. 

JULY  13,  1954 

The  dry  matter  content  of  starfish  oocyte  nucleoli.  W.  S.  VINCENT  AND  A.  H. 
HUXLEY. 

The  dry  matter  content  of  starfish  oocyte  nucleoli  isolated  in  distilled  water  was  determined 
by  microinterferometry.  The  dry  matter  of  nucleoli  4  p  in  diameter  averaged  85 %  (calculated 
as  protein).  With  growth  of  the  nucleolus  the  dry  matter  content  decreased  linearly  with  in- 
creasing nucleolar  diameter,  attaining  a  value  of  40%  in  mature  nucleoli  20 /"  in  diameter. 
Vacuoles  in  the  nucleoli,  occupying  up  to  50%  of  the  total  volume  of  the  mature  structure, 
contained  less  than  5%  dry  matter.  Fragments  of  the  same  ovary  from  which  the  nucleoli 
were  isolated  were  fixed  and  sreiioned,  and  the  concentration  of  protein  in  the  intervacuolar 
areas  of  the  nucleoli  determined  by  microphotometry  of  the  bromphenol  blue  and  Millon  stains. 
No  change  in  concentration  of  protein  in  the  intervacuolar  regions  of  nucleoli  4  M  to  20  M  in 
diameter  could  be  detected. 

From  these  data  we  conclude  that  the  starfish  oocyte  nucleolus  is  composed  of  highly  con- 
centrated, predominantly  protein,  materials  in  which  are  interspersed  vacuoles  containing  less 
than  5%  dry  matter.  Growth  of  the  nucleolus  appears  to  result  primarily  from  accumulation 
of  protein  with  a  smaller  contribution  from  the  increase  of  vacuole  volume. 
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Isolation  of  nuclei  from  Asterias  eggs  in  the  germinal  vesicle  stage  and  their  DNA 
content.     CELIA  MARSHAK.     No  abstract  submitted. 

A  theory  of  the  biological  role  of  DNA.     ALFRED  MARSHAK.     No  abstract  sub- 
mitted. 

JULY  20,  1954 

Influence  of  pH  on  the  rate  of  respiration  in  Chlorella.     E.  P.  NIELSEN.     No  ab- 
stract submitted. 

"Univalent"  antibodies.     ALBERT  TYLER. 

Earlier  experiments  (1941  et  seq.)  showed  that  the  fertilizin  of  sea  urchin  eggs  could  be 
converted  by  various  methods  into  a  non-agglutinating  form  termed  "univalent"  that  retained 
its  specific  reactivity  with  sperm.  Extension  of  the  investigations  (1945)  to  immune  sera 
(rabbit  anti-pneumococcus,  anti-sheep  cell,  horse  anti-diphtherial  toxin,  etc.)  showed  that  photo- 
oxidation  was  an  effective  method  of  rendering  the  antibodies  of  these  sera  non-agglutinating 
or  non-precipitating.  In  these  experiments  the  ability  of  the  treated  antibodies  to  combine  with 
antigen  was  tested  primarily  by  the  inhibition  of  a  subsequent  visible  reaction  to  the  addition  of 
untreated  antibodies.  Another  method  of  detecting  non-agglutinating  antibodies  was  later  de- 
scribed by  Coombs  for  the  Rh  system.  This  consists  in  adding  an  anti-human  globulin  serum 
to  Rh-positive  cells  which  have  reacted  with  non-agglutinating  human  anti-Rh  antibodies.  Since 
the  antibodies  are  globulins,  then,  having  combined  with  the  cells,  the  latter  will  be  agglutinated 
by  the  anti-globulin  serum. 

If  the  antibodies  that  have  been  made  univalent  by  photo-oxidation  still  retain  their  globulin 
specificity,  the  Coombs'  test  should  be  expected  to  be  applicable  to  these,  too.  Experiments  in 
collaboration  with  Dr.  R.  R.  A.  Coombs  and  M.  Lorraine  Fiset  of  Cambridge,  England  showed 
this  to  be  the  case.  Rabbit  anti-sheep  cell  sera  were  exposed  to  visible  light  in  the  presence  of 
0.2%  eosin  Y  (water-soluble)  until  agglutinating  action  had  been  destroyed,  the  treatment 
being  controlled  also  by  measurement  of  O2  uptake.  Sheep  cells  upon  treatment  with  such  sera 
can  be  agglutinated  by  a  goat  anti-rabbit  globulin  serum.  The  univalent  antibodies  can  also 
be  conjugated  with  other  substances,  such  as  ovalbumin,  and  when  now  combined  with  the  sheep 
cells,  these  can  be  agglutinated  by  an  anti-ovalbumin  serum.  In  addition,  univalent  antibodies 
against  ovalbumin  could  be  detected  by  the  use  of  an  antiglobulin  serum.  This  procedure  thus 
provides  further  opportunity  for  exploring  the  presence  and  role  of  univalent  antibodies  in 
allergy  and  pathogenic  disease,  and  of  investigating  many  other  features  of  antigen-antibody 
reactions. 

The  activation  of  human  plasminogen  by  streptokinase.     WALTER  TROLL  AND  SOL 
SHERRY. 

Human  plasma  contains  a  proteolytic  enzyme  precursor  termed  plasminogen  or  profibrino- 
lysin.  The  activation  of  this  precursor  to  plasmin  or  fibrinolysin  can  be  carried  out  by  physical 
agents  or  specific  bacterial  kinases,  e.g.,  streptokinase.  Two  views  have  been  proposed  for  the 
mechanism  of  the  activation  of  plasminogen  by  SK.  According  to  one  view  plasminogen  is 
converted  to  a  new  substance,  plasmin,  by  enzymatic  activation.  According  to  the  other  view 
the  conversion  of  plasminogen  to  plasmin  results  from  a  stoichiometric  interaction  of  SK  with 
plasminogen.  Our  data  reconcile  the  observations  of  these  investigators.  With  the  aid  of 
synthetic  substrates  we  have  obtained  evidence  that  plasminogen  preparations  contain  two  fac- 
tors. One  of  these  is  activated  by  SK  in  a  stoichiometric  fashion  to  yield  a  plasminogen 
activator  which  enzymatically  converts  the  second  factor,  plasminogen,  to  plasmin.  The 
plasminogen  activator  has  the  properties  of  an  enzyme  splitting  lysine  esters,  but  is  without 
action  on  arginine  esters  or  casein.  Plasmin,  however,  splits  arginine  and  lysine  esters  and  is 
proteolytic  on  casein. 
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JULY  27,  1954 
Sympathectomy  in  frogs.     JOSEPH  PICK.     No  abstract  submitted. 

Sodium  and  the  release  of  acctylcholine  from  sympathetic  ganglia.     O.  F.  HUTTER 
AND  KRISTA  KOSTIAL. 

In  suggesting  the  hypothesis  that  acetylcholine  may  be  released  from  the  nerve  endings  in 
exchange  for  sodium,  Fatt  and  Katz  called  for  verification  by  measurement  of  acetylcholine 
output.  We  have  made  an  attempt  in  this  direction  by  assaying  the  quantities  of  acetylcholine 
released  from  sympathetic  ganglia  perfused  at  various  sodium  concentrations. 

Superior  cervical  ganglia  of  cats  were  perfused  with  eserinized  Locke's  solution,  sodium 
being  replaced  by  sucrose.  So  long  as  the  perfusion  fluid  contained  enough  sodium  for  nerve 
impulse  conduction  no  change  in  the  output  of  acetylcholine  could  be  detected.  For  example, 
stimulation  of  the  pregangl ionic  nerve  for  5  minutes  at  2  per  second  released  as  much  acetyl- 
choline after  perfusion  for  }{>  hour  with  a  solution  containing  30%  of  the  normal  sodium  con- 
centration, as  when  perfusing  with  Locke's  solution.  When  the  concentration  of  sodium  was 
reduced  to  levels  at  which  nerve  conduction  fails  the  output  of  acetylcholine  decreased  suddenly. 

In  some  experiments  ganglia  were  perfused  with  solution  in  which  all  sodium  was  replaced 
by  sucrose,  and  the  effect  of  depolarizing  the  nerve  endings  by  increasing  the  potassium  con- 
centration was  tested.  The  amounts  of  acetylcholine  released  by  potassium  under  such  condi- 
tions were  comparable  with  the  amount  released  by  potassium  in  the  presence  of  sodium. 

These  results  indicate  that  in  sympathetic  ganglia  sodium  plays  no  part  in  the  release  of 
acetylcholine.  There  are,  however,  important  differences  between  the  anatomy  of  the  nerve 
endings  in  ganglia  and  in  muscle,  and  it  is  not  impossible  that  our  results  are  due  to  the  pres- 
ence of  a  diffusion  barrier  around  the  preganglionic  nerve  terminals  which  prevents  the  exchange 
of  sodium  for  sucrose. 

These  experiments  were  made  at  University  College  London  and  at  the  Institute  za  Medi- 
cinska  istrazivanja,  Zagreb. 

Electron  microscopy  of  the  sarcosomes  in  the  heart.     BRUNO  KISCH. 

The  author  emphasized  first  in  1951  the  vital  importance  of  the  sarcosomes  in  the  heart, 
being  bearers  of  metabolic  enzymes  and  responsible  for  the  ability  of  the  heart  to  work  during 
a  lifetime  without  longer  rest.  Biochemists  all  over  the  world  have  since  proven  the  presence 
of  these  enzymes  in  the  sarcosomes  of  the  heart  and  the  skeletal  muscle. 

Pictures  of  the  inner  structure  prove  a  lamelliform  arrangement  of  material.  Sarcosomes 
of  the  mitochondrial  type  seem  to  prevail  in  the  frog  heart  but  not  in  the  heart  of  mammals. 
The  lamels  are  either  crossing  the  sarcosomes  in  parallel  layers  or  are  arranged  in  concentric 
shell  around  one  or  different  centers,  or  they  are  folded  like  a  curtain.  In  some  sarcosomes 
the  content  in  cross-section  looks  like  rings  or  loops  or  doughnuts. 

A  change  of  the  appearance  of  the  inner  structure  in  connection  with  the  functions  of  the 
sarcosomes  is  supposed,  and  attention  was  called  to  the  startling  similarity  of  the  lamelliform 
contents  of  the  sarcosomes  and  the  arrangement  of  the  myofilament  in  the  muscle  fibrils  to 
Otto  Lehmann's  liquid  crystals.  After  death  the  content  of  the  sarcosomes  disintegrates  and 
more  or  less  empty  bags,  the  "ghost  of  sarcosomes,"  or  their  shadows,  similar  to  the  ghosts  of 
red  blood  cells,  remain,  showing  ridges  or  lamels  inside  a  membrane  not  regularly  arranged. 

A  not  yet  known  new  structure  in  the  muscle  fiber  of  the  heart  and  the  skeletal  muscle 
was  shown :  a  tube  or  fiber  of  ca.  300-500  A  width,  straight  or  branching  out  between  the 
myofibrils. 

AUGUST  3,  1954 
Identifying  gene  elements  in  Mormoniclla.     P.  W.  WHITING. 

Of  the  many  recessive  eye-color  mutant  types  found  in  this  wasp,  the  majority  occur  at  a 
single  locus,  R,  consisting  of  two  mutable  elements,  O  and  S.  If  cither  simple  dominance  or 
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blending  occurs  in  the  females  compound  for  two  mutant  colors,  the  two  mutations  have  affected 
the  same  element,  either  O  or  S.  Codominance,  complementarity,  indicates  that  the  two  muta- 
tions have  affected  different  elements,  O  and  S,  each  change  being  recessive  to  its  wild-type 
alternative  in  the  other  allele.  A  mutant  male  to  be  tested  is  crossed  to  a  wild-phenotype  female, 
compound  for  recessives  in  different  elements,  O.s/o.S.  From  the  two  different  types  of  un- 
fertilized eggs,  O.s  and  o.S,  laid  by  such  a  tester  female  there  develop  the  two  expected  types  of 
males.  From  the  fertilized  eggs  there  are  produced  females  of  two  genotypes,  both  of  which 
bear  the  new  mutant  paternal  gene,  m.  If  both  female  genotypes  are  wild  phenotypes,  O.s/O.S 
+/m  and  o.S/O.S  +/m,  the  new  mutation  is  not  in  R.  If  half  the  females  are  wild-type,  the 
new  mutation  is  in  R,  either  in  O,  the  females  being  O.s/m.S  (wild  phenotype)  and  o.S/m.S 
(recessive  phenotype)  or  in  S,  the  females  being  O.s/O.m  (recessive  phenotype)  and  o.S/O.m 
(wild  phenotype).  If  none  of  the  females  are  wild-type,  the  new  mutation  involves  both  ele- 
ments, the  females  being  O.s/m.m  and  o.S/m.m  (both  recessive  phenotype).  The  fact  that  no 
R-locus  mutants  have  been  found  siring  only  wild-type  daughters  suggests  that  there  are  not 
more  than  two  mutable  elements  at  this  locus. 

Some  aspects  of  sexuality  and  genetics  in  desmids.     RICHARD  C.  STARR.     No  ab- 
stract submitted. 

On  inherited  and  adapted  rutin-resistance  in  Chlainydomonas.     FRANZ  MOEWUS. 

Three  strains  of  Chlainydomonas  cutiamctos  have  been  used  in  this  investigation:  cugamctos 
( f .  typica),  characterized  by  a  highly  potent  sexuality;  agamctos,  characterized  by  its  complete 
sterility ;  mutant  reru,  derived  from  typica.  It  could  be  shown  that  the  sterility  in  agamctos  is 
due  to  a  false  biosynthesis  of  the  flavonoid  hormones,  leading  to  the  final  product  rutin  instead 
of  isorhamnetin  or  peonin.  Rutin  could  be  isolated  from  agamctos  cells.  If  rutin  is  offered  to 
eugametos  (10-10  g./ml.),  it  sterilizes  completely  this  highly  sexual  strain.  However,  it  has 
no  sterilizing  effect  on  the  rent-mutant.  In  homogenates  of  rent-cells  an  enzyme  system  could 
be  demonstrated  which  converts  the  offered  rutin  to  the  harmless  ombuoside  (=  7.4'-dimethyl- 
rutin).  These  results  are  only  valid  if  the  strains  are  grown  under  our  usual  standard  methods. 
Their  essential  point  is  that  the  experimental  material  is  obtained  by  spreading  a  suspension  of 
motile  cells  on  agar,  where  they  undergo  a  log-phase  of  growth  and  develop  within  2-3  weeks 
a  monocellular  film.  Different  results  are  obtained,  when  cugamctos  and  agametos  are  grown 
by  spreading  thick  layers  of  non-motile  cells  on  agar,  where  they  develop  a  slow  growth.  After 
one  or  more  passages  on  agar  (each  time  transferring  the  whole  mass  of  non-motile  cells  onto 
the  next  plate),  the  physiological  behaviour  of  eugametos  and  agamctos  is  changed.  They  are 
characterized  by  heavy  production  of  mucilage :  they  have  become  palmelloid.  Palmelloid 
agamctos  shows  now  normal  fertility,  palmelloid  eugametos  is  now  rutin-resistant.  In  homog- 
enates of  both  palmelloid  strains  the  same  enzyme  system  as  in  rent-mutant  could  be  detected. 
In  agamctos  the  naturally  produced  rutin,  in  cugamctos  the  offered  rutin  is  converted  to  the 
harmless  ombuoside.  The  appearance  of  this  rutin-resistance  is  probably  not  due  to  spon- 
taneous mutation.  Experiments  are  in  progress  in  order  to  explain  this  adapted  character. 

AUGUST  10,  1954 
Ionic  distribution  and  glycolytic  factors  in  Fundidus.     D.  R.  SHANKLIN. 

Because  of  their  relative  abundance  at  Woods  Hole,  developing  I-undulus  embryos  between 
Oppenheimer  stages  22  and  27  were  utilized  in  studies  on  cationic  balance.  During  these  stages 
there  is  a  covering  of  ectoderm  without  orifices;  circulation  is  complete  and  ectodermal -axial 
reflexes  provide  vital  signs  for  biologic  controls.  During  these  stages  the  yolk  occupies  50-60% 
of  the  total  volume  and  is  readily  separable  for  distribution  studies.  Analyses  indicate  that 
magnesium  is  the  principle  intracellular  ion  with  an  inwardly  directed  gradient ;  sodium,  po- 
tassium, and  calcium  having  outwardly  directed  gradients.  Yolk  contains  more  free  calcium 
than  the  embryo  proper  and  less  of  the  others ;  fluoride  affects  only  the  calcium  content  in  yolk. 
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Bound  fractions  were  determined.  Influx  of  ions  is  linear,  and  at  differing  times  for  each  ion. 
a  plateau  of  exchangeability  saturation  is  reached.  From  this  plateau  loss  studies  into  sea  water 
and  osmotically  balanced  media  lacking  the  ion  in  question  were  done.  These  losses  are  linear. 
Studies  of  this  system  with  glycolytic  inhibitors  fluoride  and  iodoacetate  were  done,  yielding 
changes  in  the  slopes  of  uptake  and  loss,  but  not  in  the  linearity.  Since  diffusion  curves  are 
hyperbolic,  the  linearity  of  these  responses  suggests  a  limiting  transport  system  in  both  direc- 
tions. Inhibitor  studies  show  glycolytic  tie-up  with  all  four  ion  balances,  the  action  towards 
sodium  transport  being  in  the  direction  of  the  gradient.  A  comparison  of  the  potential  maxi- 
mum influx  rate  with  the  potential  maximum  outflux  rate,  measured  against  null  gradient,  in 
all  cases  yields  a  ratio  statistically  equal  to  the  gradient,  which  would  be  expected  if  the  cell 
were  the  cause  of  the  gradient. 

Some  properties  of  mature  and  young  erythrocytes.     DAVID  CHALFIN. 

A  comparison  of  red  blood  cell  changes  in  vitro  and  red  cell  aging  in  vivo  was  undertaken. 
Erythrocytes  from  normal  rabbits  were  incubated  under  bacteriological  sterile  conditions  at 
37°  C.  and  followed  for  3(MO  hours  for  the  in  vitro  studies.  For  the  in  vivo  measurements, 
erythrocytes  taken  from  a  rabbit  which  had  been  rendered  anemic  by  repeated  hemorrhage  were 
fractionated.  The  anemic  blood  was  centrifuged  and  most  of  the  reticulocytes  were  found  to  be 
concentrated  at  the  top  (centripetal  portion)  of  the  packed  column  of  cells  whereas  the  older 
cells  were  found  at  the  bottom  (centrifugal  end)  of  the  tube.  Measurements  were  made  on 
cation  content,  osmotic  resistance,  cell  volume,  hemoglobin  content,  density,  dry  weight  and 
per  cent  water  per  cell  for  young  and  older  red  cells. 

The  younger  red  blood  cells  of  rabbit  are  about  one  and  half  times  larger,  have  a  greater 
osmotic  resistance,  a  lower  density,  a  greater  dry  weight,  and  a  higher  K  content  than  do  older 
erythrocytes.  The  Na  content  remains  relatively  unchanged.  The  hemoglobin  content  remains 
constant  as  the  cell  matures  but  the  cell  volume  decreases.  The  cation  changes  observed  ac- 
companying in  vitro  cell  destruction :  loss  of  K,  gain  of  Na,  loss  of  cation  gradients,  and  increase 
in  cell  volume,  are  not  the  same  as  in  vivo  aging  of  the  cell.  Aging  cells  show  a  decrease  in 
dry  weight,  a  decrease  in  cation  content  as  well  as  a  decrease  in  cell  volume,  but  a  maintenance 
of  the  cation  concentration  and,  most  important,  a  maintenance  of  the  cation  gradients  across 
the  cell  membrane. 

Some  nezu  permeability  constants  for  erythrocytes  and  their  possible  significance. 
M.  H.  JACOBS. 

Under  conditions  and  by  procedures  discussed  in   detail   elsewhere   it  is   possible   to  obtain 
for   erythrocytes    permeability    constants    (P)    which   measure    the    amounts    of   dissolved   non- 
electrolytes  that  cross  unit  area  of  the  cell  surface  in  unit  time  with  unit  difference  of  concen- 
tration between  the  inside  and  the  outside  of  the  cell.     Approximately  100  such  constants  have 
been  determined  involving  16  species  of  mammals  and  8  solutes.     Erythrocytes  of  the  ground- 
hog and  the  muskrat  are  sharply  separated  from  those  of  the  other  species  and  from  most  other 
known  cells  by  P  values,  near  20°  C.,  in  cm. /hour    <  10',  of  the  order  of  several  hundred,  for 
all  the  solutes  studied.     Erythrocytes  of  the  goat,  sheep,  beef,  pig,  horse,  cat,  dog,  macaque,  and 
chimpanzee  showed  values  ranging  from  0.4  to  3.9  for  glycerol,  22  to   176  for  ethylene  glycol, 
and  6  to  51  for  thiourea.     These  values  are  very  similar  to  those  reported  by  others  for  cells 
of  about  a  dozen  species  of  higher  plants.     Erythrocytes  of  man  and  the  rat,  rabbit,  guinea  pig 
and  mouse  showed  values  for  glycerol  from   12  to  120  for  glycerol  and  215  to  680  for  ethylene 
glycol,  but  were  very  similar  to  those  of  the  preceding  group  with   respect  to  thiourea.     The 
values  for  urea  in  the  case  of  all  species  ranged  from  about  5,000  to  10,000,  which  may  be  com- 
pared with  the  average  value  of  3.7  for  cells  of  12  higher  plants.     For  all  the  er.vthrocytes  except 
those  of  the  groundhog  and  muskrat  the  dicthylcne  glycol  and   tricthylene  glycol  values  were 
fairly  close  to  the  averages  for  the  species  in  question  of  27  and  55,  respectively.     P  values  for 
diacetin  were  all  of  the  order  of  several  hundred  and  those  for  monoucetin,  with  a  few  excep- 
tions, lay  between  those  for  diacetin  and  glycerol. 
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AUGUST  17,  1954 

Activation  of  stretch  receptors  in  Crustacea.     CARLOS  EYZAGUIRRE.     No  abstract 
submitted. 

Effect  of  sympathetic  stimulation  on  the  sloiv  skeletal  muscle  system  of  the  frog. 

O.   F.   HUTTER  AND  W.   R.    LOEWENSTEIN. 

In  most  skeletal  twitch  muscles  of  the  frog,  neuromuscular  transmission  proceeds,  as  a  rule, 
with  a  considerable  margin  of  safety :  so  long  as  the  end-plate  potential  is  large  enough  to  set 
up  a  propagated  action  potential  the  muscle  fibre  gives  a  twitch.  In  such  muscles  sympathetic 
nerve  activity  can  play  a  role  only  if  a  fringe  of  subliminally  excited  muscle  fibres  exists.  The 
contractile  mechanism  of  the  multiply  innervated  slow  skeletal  muscle  fibres  of  the  frog  is,  how- 
ever, activated  in  a  different  manner.  Propagated  action  potentials  are  absent ;  instead  there 
appears  to  be  a  close  relation  between  the  state  of  depolarization  of  the  membrane  and  the  con- 
traction of  the  fibre.  Since  many  similarities  exist  between  the  twitch  fibre  and  the  slow  fibre 
system  of  the  frog,  it  seemed  likely  that  an  agent  facilitating  neuromuscular  transmission  in 
twitch  fibres  will  increase  the  tension  response  of  unfatigued,  untreated  slow  fibres.  We  have 
found  that  sympathetic  stimulation  increases  the  tension  produced  by  the  slow  skeletal  muscle 
fibres  in  iliofibularis  on  excitation  of  the  small  motor  nerve  fibres  in  the  ventral  roots. 

Nature  of  neuromuscular  facilitation  by  sympathetic  stimulation  in  the  frog.     O.  F. 
HUTTER  AND  W.  R.  LOEWENSTEIN. 

It  has  long  been  known  that  in  fatigued  frog  muscle  stimulation  of  the  sympathetic  fibres 
causes  a  partial  recovery  of  the  twitch  tension.  This  phenomenon  has  been  ascribed  to  the 
diffusion  of  an  adrenaline-like  substance  from  the  nerve  endings  of  the  vascular  sympathetics  to 
the  muscle  fibres.  Since  the  twitch  tension  does  not  increase  if  the  muscle  is  stimulated  directly, 
it  has  been  suggested  that  sympathetic  stimulation  causes  a  partial  relief  of  neuromuscular  block. 
Recording  of  muscle  action  potentials  confirms  this  conclusion.  In  preparations  partly  blocked 
by  fatigue  or  by  too  little  initial  stretch  or  by  tubocurarine,  sympathetic  stimulation  causes  an 
increase  in  the  voltage  of  the  compound  muscle  action  potentials,  indicating  the  recruitment  of 
fibres  that  have  previously  failed  to  respond. 

In  fully  curarized  preparations  sympathetic  stimulation,  adrenaline  and  nor-adrenaline  cause 
an  increase  in  the  amplitude  of  the  end-plate  potential.  The  increase  rarely  exceeds  10%  but 
it  can  account  for  the  observed  restoration  of  transmission.  The  time  course  of  the  end-plate 
potential  and  the  membrane  potential  of  the  muscle  fibre  are  not  detectably  altered. 

To  localize  the  mechanism  responsible  for  the  neuromuscular  facilitation  the  effect  of  nor- 
adrenaline  on  the  depolarization  of  the  motor  end-plates  produced  by  applied  acetylcholine  was 
studied.  In  a  concentration  of  2  in  106  nor-adrenaline  increases  the  depolarization  produced  by  a 
constant  dose  of  acetylcholine  by  about  20%.  It  may  be  inferred  from  this  that  the  increase 
in  the  nerve  elicited  end-plate  potential  is  also  due  to  a  sensitization  of  the  motor  end-plates  to 
acetylcholine. 

In  vivo  measurements  of  the  squid  giant  axon  resting  and  action  potentials.     K.  S. 
COLE  AND  J.  W.  MOORE.     No  abstract  submitted. 

GENERAL  SCIENTIFIC  MEETINGS 
AUGUST  23-26,  1954 

Abstracts  in  this  section  (including  those  of  Lalor  Fellowship  Reports)  are 
arranged  alphabetically  by  authors  under  the  headings  "Papers  Read,"  "Papers 
Read  By  Title"  and  ""Lalor  Fellowship  Reports."  Author  and  subject  references 
will  also  be  found  in  the  regular  volume  index  (published  in  the  December  issue). 
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PAPERS  READ 
A  new  fibrous  muscle  protein.     W.  R.  AMBERSON,  J.  I.  WHITE,  H.  B.  BENSUSAN. 

S.   HlMMELFARB  AND  B.   BLANKENHORN. 

Extracts  nf  rabbit  skeletal  muscle  contain,  in  addition  to  actin  and  myosin,  a  third  fibrous 
protein,  provisionally  called  D-protein,  which  unites  with  myosin  to  form  a  complex,  D-myosin. 
This  complex  can  be  detected  on  descending  limbs  of  electrophoretic  patterns  given  by  mixtures 
of  D-protein  and  myosin.  It  forms  an  elevation  between  faster  moving  free  D-protein  and 
slower  moving  free  myosin.  D-protein  is  obtained  from  ascending  limbs  by  electrophoretic 
fractionation.  Its  solutions  exhibit  high  viscosity  and  flow  birefringence. 

Solutions  containing  both  D-protein  and  myosin  have  been  studied  in  the  Spinco  analytical 
ultracentrifuge.  The  complex,  D-myosin,  is  revealed  by  the  use  of  the  synthetic  boundary  cell 
introduced  by  Pickets,  Harrington  and  Schachman.  The  lower  two-thirds  of  the  sectoral  cavity 
is  filled  with  a  solution  containing  0.4%  D-protein  and  0.4%  myosin.  The  cup  contains  0.4% 
D-protein  alone.  At  about  8,000  r.p.m.  this  solution  transfers  from  cup  to  sector,  forming  a 
layer  which  fills  the  upper  third  of  the  cavity.  The  run  proceeds  at  59,780  r.p.m.  Two  bound- 
aries are  initially  seen,  the  upper  due  to  D-protein  alone,  the  lower  to  myosin  alone.  The  lower 
boundary  soon  divides  into  two  elevations.  Free  myosin  sediments  more  rapidly.  Myosin  bound 
to  D-protein  sediments  more  slowly.  After  long  running  the  upper  D-protein  boundary  may 
reach  and  pass  the  more  slowly  sedimenting  D-myosin  elevation.  A  zone  then  exists  which 
contains  D-myosin  alone,  in  the  absence  of  both  free  myosin  and  free  D-protein. 

The  strength  of  the  union  between  D-protein  and  myosin  is  further  demonstrated  when 
the  mixture  in  the  lower  part  of  the  sector  also  contains  0.2%.  actin.  The  actin  unites  with  all 
free  myosin,  forming  actomyosin,  which  sediments  rapidly.  The  elevation  formed  by  D-myosin 
appears  as  before,  sedimenting  slowly.  Actin  is  not  able  to  cause  the  dissociation  of  D-myosin. 
Interactions  involving  all  three  fibrous  muscle  proteins  may  occur  in  the  contraction-relaxation 
cycle. 

Gel-formation  in  Limulus  scrum  caused  by  a  bacterial  to.vin,  a  protective  mecha- 
nism of  the  host.     F.  B.  BANG. 

The  intravascular  clotting,  and  lethal  effect,  of  a  bacterial  infection  of  Limulus  was  repro- 
duced by  a  cell-free  extract  of  boiled  bacteria  of  this  strain.  The  toxin  caused  a  reduction  in 
the  number  of  cells  in  the  peripheral  blood  of  lobsters,  spider  crabs  and  in  the  coelomic  fluid  of 
Arenicola.  Larger  amounts  killed  lobsters  and  fiddler  crabs. 

Serum  obtained  from  clotted  blood  in  Petri  dishes  formed  a  gel  within  ten  minutes  after 
adding  dilutions  of  "toxin,"  or  living  bacteria  from  the  disease  strain.  Phase  microscopy 
showed  the  bacteria  to  be  immobilized  by  dilutions  up  to  Vs  of  the  serum.  The  gel  was  stable 
at  room  temperature  for  more  than  three  weeks.  Gels  were  formed  by  sera  from  which  the 
hemocyanin  was  removed  by  centrifugation  (35,000  r.p.m.  for  6^  hrs.),  but  were  not  produced 
by  heated  sera  (55°  C.-10  min.).  No  young  and  not  all  old  Limuli  furnished  sera  which  formed 
gels,  but  viscometry  indicated  quantitative  rather  than  qualitative  differences. 

The  bacterial  toxin  is  non-dialyzable,  and  a  similar  effect  was  produced  by  a  Shigclla  toxin 
of  vertebrate  origin. 

Analysis  of  the  luminescent  responses  in  Mncmiopsis  upon  stimulation.     JOSEPH 
J.  CHANG. 

The  luminescent  cells  in  the  eight  meridional  canals  of  the  ctenophore,  Mncmiopsis  Icidyi, 
respond  only  upon  stimulation,  either  through  nerves  or  directly.  Using  photomultiplier  tube, 
amplifier,  cathode-ray  oscilloscope,  and  camera  combination,  the  luminescent  responses  to  vari- 
ous single  and  repeated  electrical  stimuli  at  room  temperature  as  well  as  at  other  temperatures 
have  been  studied. 

A  large  piece  of  luminous  tissue  responds  by  multiple  flashes  after  a  single  stimulus  when 
recorded  locally.  However,  the  response  characteristics  measured  by  light  production  from  a 
small  bit  of  tissue  greatly  resemble  those  of  muscle  twitches.  A  single  square  wave  stimulus 
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elicits  a  single  flash  response.  An  increase  in  the  stimulus  voltage  gradually  increases  the  flash 
intensity.  The  same  is  observed  when  the  duration  of  the  stimulus  is  increased.  At  23°  C.  a 
single  flash  curve  has  a  latent  period  that  varies  considerably,  a  half-rise  time  of  35,  a  full-rise 
time  of  60,  a  half-decay  time  of  48,  and  a  0.9-decay  time  of  114  milliseconds.  Raising  the  tem- 
perature shortens  the  time  course  of  a  flash  and  lowering  the  temperature  has  an  opposite  effect. 
The  decay  of  the  flash  intensity  is  logarithmic  and  the  log  decay  constant  vs.  1/T  (Arrhemus 
p'ot)  gives  a  straight  line.  Responses  analogous  to  the  summation  of  twitches,  treppe,  complete 
and  incomplete  tetanus  of  muscle  are  obtained  by  repetitive  stimuli.  Fatigue  caused  by  multiple 
stimulation  is  very  rapid  in  this  luminous  system.  The  luminescent  response  will  traverse  the 
length  of  a  meridional  canal  with  a  conduction  speed  which  averages  14  cm.  per  second  at  23°  C. 
Action  potentials  of  fast  frequency  appear  simultaneously  with  the  luminescent  response. 
Potential  changes  without  a  flash  response  have  also  been  recorded  along  the  canal. 

Evidence  for  protein  turnover  in  Amoeba  protcns.     ADOLPH  I.  COHEN  AND  SUK 
Ki  HONG. 

Amoeba  protcus  in  log  phase  growth  were  labelled  by  being  fed  S35-labelled  Chilomonas 
paramecium.  The  amoebae  were  then  fed  for  48  hours  with  unlabelled  Tctrahynicna  pyrifonnis. 
After  this  period,  sister  cell  pairs  were  isolated  and  one  member  mounted  for  radioassay.  The 
corresponding  sister  cell  was  then  allowed  to  feed  on  unlabelled  Tetrahymena  and  after  4-5  cell 
generations,  the  total  population  resulting  was  mounted  as  a  unit.  After  assaying,  planchettes 
were  extracted  with  cold  5%  trichloracetic  acid  for  one  hour,  dried,  and  re-assayed.  The  results 
showed  a  significant  loss  of  total  activity  in  both  the  non-extractable  and  extractable  fractions 
during  growth,  while  the  percentage  of  activity  that  was  non-extractable  rose.  Since  cell  death 
does  not  occur,  turnover  of  some  non-trichloracetic  acid-extractable  material  or  secretion  of 
some  sulphur-containing  compound  must  account  for  these  data.  The  chemical  nature  of  the  lost 
sulphur-containing  compound  is,  as  yet,  unknown.  Secretion  of  materials  by  amoebae  is  un- 
known. Preliminary  experiments  on  starving  amoebae  show  slight  loss  of  total  activity,  if  any, 
and  less  incorporation  into  the  non-extractable  fraction.  Preliminary  studies  comparing  starving 
nucleate  and  enucleate  amoeba  halves  after  six  days,  show  a  loss  of  activity  for  the  nucleate 
halves.  The  enucleate  amoebae  show  little  loss,  if  any,  and  both  halves  show  no  significant 
incorporation  into  non-extractable  material.  Comparisons  are  complicated  by  the  fact  that 
heavily  feeding  and  starving  amoebae  are  far  less  motile  than  moderately  fed  or  slightly  starved 
amoebae.  Enucleate  and  dividing  amoebae  are  least  active  of  all. 

The  contribution  of  the  sperm  aster  to  the  first  mitotic  division.     IVOR  CORNMAN. 

Mazia  has  demonstrated  that  the  sperm  aster,  like  cleavage  asters,  can  be  isolated  by  the 
technique  that  yields  free  spindles.  From  the  similarity  of  material  in  these  structures  it  is 
reasonable  to  conclude  that  the  substance  of  the  sperm  aster  contributes  to  the  achromatic  figure 
of  the  first  cleavage.  Evidence  from  colchicine-poisoned  eggs  supports  this.  If,  by  early  treat- 
ment of  Arbacia  eggs,  the  sperm  aster  is  prevented  from  forming,  cleavage  on  removal  to  sea 
water  is  delayed  much  more  than  if  treatment  is  begun  after  the  streak  has  formed.  In  the 
latter  case  the  streak  material  remains  at  the  center  of  the  egg  and  appears  to  be  assimilated 
into  the  mitotic  spindle  on  removal  from  colchicine.  In  Astcrias  eggs,  where  a  threshold  dose 
of  podophyllotoxin  has  suppressed  the  sperm  aster,  the  achromatic  substance  first  materializes 
as  many  scattered  spots  around  which  there  is  subsequent  multiple  cleavage.  A  source  of 
spindle  material  may  well  be  the  germinal  vesicle,  or  even  the  nucleolus.  There  is  enough  pro- 
tein in  the  nucleolus  to  form  the  achromatic  figure  and  the  nucleolus  has  solubility  properties 
similar  to  those  of  the  spindle  (Vincent).  Thus,  the  nuclear  or  nuclcolar  material  is  released 
when  the  germinal  vesicle  breaks  down.  The  maturation  divisions,  unaided  by  the  sperm  aster, 
are  able  to  muster  only  small  spindles.  The  sperm  aster,  radiating  throughout  the  egg,  assem- 
bles the  necessary  nuclear  and  cytoplasmic  components  into  the  streak  material  at  the  center  of 
the  egg,  where  it  is  incorporated  into  the  mitotic  figure.  The  prominence  of  mitotic  asters  in 
large  eggs  undergoing  holoblastic  cleavage  may  also  reflect  this  need  for  a  system  of  collecting 
spindle  material  in  an  amount  adequate  to  divide  the  entire  protoplast. 
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Reconstitulion  oj  the  intestinal  tract  in  adult  frogs,  Rana  pipiens.     CHAUNCEY  G. 

GOODCHILD.1 

Experiments  in  which  host  organs  were  surgically  altered  to  provide  unusual  implantation 
sites  for  parasites  revealed  that  severed  intestinal  tracts  of  frogs  possess  ability  not  only  to  rejoin, 
but  also  to  regain  functional  integrity.  To  study  nutritional  plasticity  of  trematodes,  recta  of 
frogs  were  disjoined  from  the  ileum,  washed  free  of  debris,  and  used  as  implantation  sites  for 
gorgoderine  trematodes.  Operative  procedure  consisted  of  making  a  short  incision  on  the  right 
flank  and  lifting  out  the  ileum  and  rectum.  The  ileum  was  tied  two  mm.  anterior  to  the  ileo- 
colic  valve  and  transected  ahead  of  the  stricture.  The  rectum  was  returned  to  the  coelomic 
cavity  and  the  ileum  stitched  to  the  flank  to  form  an  ileostomy.  Although  the  ileostomy  could 
be  kept  open  by  periodic  attention,  spontaneous  healing  by  skin  overgrowth  usually  occurred. 
When,  in  the  latter,  functional  activity  was  indicated  by  appearance  of  normal  fecal  pellets, 
approximately  two  weeks  after  the  operation,  a  series  of  operated  frogs  was  studied.  Even 
though  the  rectum  and  ileum  had  been  purposely  separated  during  the  operation,  after  5-6  days 
the  short  ileorectal  stump  was  found  adherent  to  the  side  of  the  ileum  approximately  4  mm. 
from  the  body  wall.  During  the  next  7  days  a  gradual  perforation  of  the  ileum  occurred  at  this 
point,  and  with  concomitant  closure  of  the  ileostomy,  the  gut  was  reconstituted.  The  thread 
which  had  been  used  to  tie  the  ileum  was  recovered  in  the  rectal  lumen.  In  other  frogs  simul- 
taneous ileostomy  and  colostomy  w:ere  performed  in  the  same  flank  incision.  In  these  animals, 
functional  reunion  between  disjoined  ileum  and  rectum  was  established  within  12  days  by  a 
slight  sinking  in  the  openings  and  closure  by  a  drawstring-like  fold  of  skin  growing  inward  from 
the  margin.  Specimens  have  been  preserved  for  future  histological  examinations. 

Survival  of  bladder  flukes  in  new  habitats.     CHAUNCEY  G.  GOODCHILD. l 

Anuran  bladder  flukes  of  the  genera  Gorgodcrina  and  Gorgodera  will  survive  when  trans- 
planted into  urinary  bladders  of  anuran  species  not  naturally  infected,  but  they  quickly  succumb 
when  homoplastically  or  heteroplastically  placed  elsewhere  in  anuran  hosts.  Survival  after  im- 
plantation into  urinary  bladders  of  turtles  and  salamanders  has  now  also  been  studied.  Seven 
female  painted  turtles,  Chryseinys  picta,  had  22  Gorgodcrina  attenuate,  and  80  Gorgodcra  ani- 
plicai'a  implanted  into  the  true  urinary  and  accessory  urinary  bladders.  Flukes  were  not  re- 
covered from  the  latter  after  24  hours.  In  the  true  urinary  bladder  some  were  recovered  after 
10  days ;  these  were  normal  in  behavior  and  were  found  only  near  the  point  of  emergence  of  the 
bladder  stalk.  In  the  newt,  Triturus  viridescens,  an  intestinal  immunity  prevents  bladder  infec- 
tion from  ingested  metacercariae,  but  implanted  flukes  were  normal  after  an  intravesical  ex- 
istence of  two  days.  Fifty  specimens  of  Rana  pipiens  were  surgically  altered  to  provide  new 
implantation  sites  for  Gorgoderina  attcniiata,  taken  from  the  same  species  of  host.  The  majority 
of  operations  consisted  of :  1 )  simple  ileostomies,  with  the  disjoined  rectum  forming  an  internal 
blind  sac,  2)  simultaneous  ileostomies  and  colostomies,  where  the  colon  had  anterior  and  pos- 
terior openings  to  facilitate  cleansing  and  implantation,  and  3)  simple,  midventrally-opening, 
small  intestinal  caeca  separated  from  the  rest  of  the  gut.  Gorgodcrina  placed  in  rectal  caeca 
and  in  small  intestinal  caeca  failed  to  live  for  24  hours,  but  in  recta  open  at  each  end  some  flukes 
lived  in  artificial  frog  urine  for  four  days.  Although  bladder  flukes  failed  to  survive  indefi- 
nitely, the  new  technique  should  be  extremely  valuable  for  elucidating  host-parasite  relationships 
of  organisms  regularly  living  in  these  gut  regions. 

Ca-initiatcd  precipitation  oj  nucleoprotein  from  homogcnatcs  of  sea  urchin  eggs.2 
PAUL  R.  GROSS. 

The  role  of  calcium  ions  as  initiators  of  cytoplasmic  sol-gel   transformations  has  been  in- 
vestigated at  a  biochemical  level   in   homogenates   of  sea  urchin   eggs.     The   Ca++   is  added  to 

1  This  investigation  was  supported  by  a  grant  from  the  McCandlcss  fund  of  Emory  University. 
-  This  investigation  was  supported  by  a  research  grant  from  the  National  Cancer  Institute, 
National  Institutes  of  Health,  Public  Health  Service,  administered  by  L.  V.  Heilbrunn. 
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homogenates  made  from  eggs  previously  freed  of  their  calcium.  Water  extracts  of  such  homog- 
enatcs  show  marked  differences  in  protein  and  nucleic  acid  content  dependent  upon  1)  presence 
or  absence  of  calcium  and  2)  the  amount  of  Ca  added  and  the  time  of  incubation  after  calci- 
fication. In  these  experiments,  the  fraction  of  the  homogenate  containing  the  large  pigment 
granules  was  removed  by  centrifugation  at  0°  C.  for  10  minutes  at  1000  X  g.  Experiments  were 
performed  upon  the  supernatants  which  contain  yolk  as  well  as  all  of  the  smaller  particles. 

The  precipitation  of  protein  is  a  first-order  reaction.  With  Ca  added  to  a  final  concentra- 
tion of  0.010  M,  a  homogenate  may  lose  10%  of  its  water-soluble  protein  within  15  minutes  and 
18%  within  60  minutes.  PNA,  as  determined  by  the  orcinol  reaction,  precipitates  more  rapidly, 
reaching  a  level  of  26%  precipitated  within  60  minutes.  It  is  assumed  as  a  working  hypothesis 
that  the  precipitated  material  is  a  nucleoprotein,  richer  in  PNA  than  is  the  homogenate  as  a 
whole.  The  traces  of  DNA  present  in  the  homogenate  cannot  contribute  significantly  to  these 
effects. 

Electrophoretic  experiments  indicate  that  the  material  precipitated  comes  mainly  from  the 
largest  fraction  of  the  water-soluble  proteins,  and  that  this  material  has  an  unusually  high 
mobility  (—  13  X  10~E  at  pH  7.6  and  ionic  strength  =  0.1).  The  high  density  of  negative  charges 
also  suggests  that  the  precipitating  material  is  a  nucleoprotein. 

Electron  micrographs  of  whole  homogenates  and  of  the  two  fractions  show  that  the  ag- 
gregating particle  is  400  A.U.  in  diameter.  These  particles  can  dissociate  into  spheres  of  high 
electron  density  60  A.U.  in  diameter. 

The  calcium,  as  measured  by  the  method  of  Fales  (1953),  is  not  precipitated  to  a  meas- 
urable extent  with  the  macromolecular  materials. 

Some  observations  on  "plasma  clots"  and  "fibrin  clots."  x  PAUL  R.  GROSS,  ALVIN 
M.  KAYE,  DELBERT  E.  PHILPOTT  AND  PETER  RIESER. 

In  the  terminology  adopted  by  Lorand,  blood  clots  appear  in  one  of  two  forms ;  one,  produced 
by  the  action  of  thrombin  on  fibrinogen  in  the  absence  of  calcium  and/or  plasma  factors,  is  urea- 
soluble.  This  is  the  "fibrin  clot."  The  "plasma  clot"  forms  when  calcium  and  a  plasma  factor 
are  present,  and  is  urea-insoluble. 

The  plasma  clot  is  generally  more  opaque  than  a  fibrin  clot.  This  fact  has  led  us  to  seek 
differences  in  clot  structure  at  the  submicroscopic  level. 

For  these  experiments,  undiluted  citrated  sheep  plasma,  as  well  as  plasma  diluted  1  :  6  with 
0.9  per  cent  NaCl,  was  clotted  with  either  thrombin  (10  units/ml.)  or  CaCU  solution  (2  mg. 
Ca/ml.).  For  the  electron  microscopic  observations,  collodion-filmed  nickel  grids  were  dipped 
for  15  seconds  in  the  clotting  mixture  and  fixed  in  0.2  per  cent  phosphotungstic  acid  at  different 
times  relative  to  the  time  of  clotting  in  the  original  vessel.  Afterwards,  the  material  was  washed 
in  distilled  water. 

On  only  one  occasion  were  large  fibrin  fibers  showing  the  characteristic  230  A.U.  periodicity 
obtained.  This  system  was  one  clotted  with  thrombin  and  was  more  dilute  than  the  systems 
described  above. 

Ordinarily,  no  periodicity  was  shown  in  the  clots.  Both  the  fibrin  clots  and  the  plasma 
clots  were  tight  networks  of  fibrils  of  smaller  diameter  than  those  observed  in  clots  formed  from 
purified  fibrinogen. 

The  fibrin  clots  were  usually  fine  networks,  and  showed  the  substrate  uniformly  coated  with 
material.  The  plasma  clots  were  always  more  strongly  cross-linked,  showed  marked  syneresis 
on  the  substrate,  and  had  areas  of  nodular,  highly  electron-dense  material  which  were  never 
found  in  the  Ca-free  systems. 

X-irradiated  plasma  (100,000  r)  produced  fibrin  clots  whose  rate  of  dissolution  in  5  M  urea 
was  markedly  accelerated. 

A  further  study  oj  isometric  mechanical  responses  oj  the  anterior  byssits  retractor 
muscle  oj  Mytilus  edulis  to  electrical  stimuli  and  mechanical  stretch.  WILLIAM 
H.  JOHNSON.  See  abstract  under  "Lalor  Fellowship  Reports." 

1  This  investigation  was  supported  by  a  research  grant  from  the  U.  S.  Atomic  Energy  Com- 
mission, administered  by  L.  V.  Heilbrunn. 
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The  nature  of  the  o.\-\(jenation  reaction  in  hcmocyanin.     THEMIS  ASKOUNIS  KLOTZ 
AND  IRVING  M.  KI.OTZ. 

The  consensus  ( Redfield,  1933,  1950)  has  been  that  copper  exists  in  the  cuprous  state  in 
hemocyanin,  both  in  the  deoxygenated  and  oxygenated  forms.  It  has  been  pointed  out  (Klotz. 
1950,  1952),  however,  that  the  spectrum  of  oxyhemocyanin  shows  marked  similarities  to  those 
of  certain  cupric  proteins.  Attempts  to  resolve  this  conflict  by  magnetic  and  polarographic 
methods  have  not  given  unequivocal  answers. 

The  status  of  the  copper  has  now  been  established  as  follows.  A  dialyzed  solution  of 
hemocyanin,  and  one  of  biquinoline  in  glacial  acetic  acid,  are  deoxygenated  by  bubbling  with 
purified  nitrogen.  The  two  solutions  are  then  mixed  under  nitrogen.  For  oxyhemocyanin  the 
same  solutions  are  used,  but  they  are  kept  exposed  to  air.  When  cuprous  ion  is  present,  a  red 
copper-biquinoline  complex  is  formed  immediately;  cupric  ion  gives  no  color.  A  typical  set  of 
results  with  plasma  from  Biisycon  canaliculatum  is : 

Non-oxygcnatcd  Oxygenated 

Cuprous   copper  6.5  X  1Q-4  M  2.9X10-*^ 

Total  copper  ^XlO^M  7.2X1Q-*M 

It  is  apparent  first  that  copper  is  almost  entirely  in  the  cuprous  state  in  the  non-oxygenated 
protein.  (The  difference  between  total  and  -cuprous  copper  may  be  contributed  by  biologically 
inactive  protein.)  Of  greatest  interest,  however,  is  the  observation  that  only  approximately 
one-half  of  the  cuprous  copper  is  transformed  to  cupric  during  oxygenation.  Since  one  molecule 
of  oxygen  is  held  by  two  copper  atoms,  it  is  clear  that  the  active  site  consists  of  copper  in  each 
of  two  valence  states.  This  information  together  with  spectroscopic  comparisons  enables  one 
to  draw  a  structure  for  the  active  site  which  explains  much  of  the  behavior  of  hemocyanin. 

Thus  the  oxygenation  reaction  in  hemocyanin  is  markedly  different  in  molecular  nature  from 
that  in  hemoglobin. 

Controlled  observation  of  hatching  in  Fnndnlus  hetcroclitus.     ROGER  MILKMAN. 

In  fish  (except  the  grunion)  hatching  is  normally  far  too  unpredictable  to  observe  satis- 
factorily. Controlled  observation  of  Fundulus  eggs  has  been  made  possible  by  specifically  pre- 
venting hatching  until  desired.  Normal  development  is  otherwise  unaffected. 

Eggs  are  placed  in  about  100  cc.  of  sea  water  in  a  flask  within  a  few  days  of  fertilization, 
and  oxygen  is  bubbled  in.  The  flask  is  then  stoppered  until  several  days  after  the  expected 
hatching  date.  Upon  washing  in  sea  water  the  eggs  hatch  in  a  few  minutes  (24°  C.). 

Although  extra  oxygen  itself  has  an  inhibitory  effect  on  hatching,  shaking  oxygenated  water 
removes  the  effect ;  but  shaking  does  not  remove  the  inhibition  caused  by  the  water  the  fish 
have  been  in,  nor  does  temporarily  making  the  pH  3  or  12,  or  heating  to  65°  C.  Boiling  re- 
moves the  inhibition. 

The  hatching  sequence  begins  with  the  simultaneous  initiation  of  mouth  activity,  excretion  of 
granular  material  from  the  anus,  and  contraction  of  the  yolk  sac  to  about  a/3  its  former  volume. 
Once  this  has  occurred,  hatching  is  assured,  even  though  the  eggs  be  replaced  in  inhibitor  water. 
About  T1/^  minutes  and  10  intnu-horional  somersaults  later,  the  embryo  breaks  out. 

During  these  7M>  minutes,  the  chorion  changes  from  a  smooth,  tough,  relatively  thick  coat, 
which  keeps  its  shape,  to  a  rough,  weak,  thin  flaccid  covering.  The  chorion  originally  has  two 
layers,  the  outer  being  left  as  the  thin,  weak  layer.  The  inner  layer  is  quickly  destroyed  by  an 
enzyme,  but  the  fish  must  break  out  of  the  outer  one.  If  a  fish  is  anesthetized  just  before  it  is 
due  to  hatch,  the  thin  layer  remains  intact  indefinitely,  although  the  enzyme  retains  its  activity 
for  days  in  vitro. 

cause  of  its  autonomy,  its  integration  of  rapid  motor  processes,  and  its  result,  the  hatch- 
ing process  may  be  thought  of  as  behavior. 
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The  effect  of  oxygen  on  the  frequency  of  x-ray  induced  mutations  in  Habrobracon 
sperm.     W.  E.  MURPHY. l 

In  the  cross  used  in  this  experiment  about  66%  of  the  eggs  are  fertilized  and  diploid  (female- 
producing)  ;  34%  are  not  fertilized  and  haploid  (male-producing).  When  untreated  females  are 
mated  to  males  x-rayed  with  sub-lethal  doses,  the  number  of  sons  remains  unchanged  while 
daughters  are  decreased  due  to  dominant  lethals  induced  in  sperm.  Each  surviving  daughter, 
bred  unmated,  demonstrates  in  her  eggs  (all  unfertilized)  her  genotype  in  respect  to  recessive 
embryo  lethals.  If  she  carries  none,  all  her  eggs  hatch,  if  one,  50%  hatch,  if  two  (non-linked), 
25%  etc.  When  heterozygous  for  a  post-embryo  lethal  or  a  visible  mutation,  half  her  sons 
show  it. 

Two  groups  of  males  were  x-rayed  (4234  r),  one  in  air,  the  other  in  nitrogen  during 
irradiation,  100  seconds.  Males  exposed  to  nitrogen  alone  for  twenty  minutes  bred  as  did  con- 
trols, 96%  hatchability  of  Fi  eggs,  no  mutations.  Irradiated  males  were  mated  immediately  to 
untreated  females  and  then  removed  so  that  only  sperm  mature  at  time  of  exposure  were  tested. 
Hatchability  of  Fi  eggs  was  38.4%  for  the  air  group  and  45.5%  for  the  nitrogen  (7.1  ±  <rA\tt.  1.0), 
dominant  lethal  rate  was  92.8%  for  former,  79.7%  for  latter  (13.1  ±  <rdlff.  0.03).  Number  of 
females  produced  per  day  per  female  was  5.6  ±1.7  in  controls,  0.9  ±  1.0  in  nitrogen  and  0.34 
±  .6  in  air.  Recessive  embryo  lethals  per  Fi  female  were  1.2  when  sperm  had  been  x-rayed  in 
air  and  0.55  when  in  nitrogen ;  recessive  post-embryo  lethals  were  carried  by  7.7%  of  former, 
8.6%  of  latter;  visible  mutations  by  23.0%  of  former  and  6.25%  of  latter.  Tests  of  Fi  females 
are  still  being  made.  These  differences  when  significant  are  smaller  than  those  observed  by 
Anna  R.  Whiting  (unpublished)  for  eggs  of  Habrobracon  irradiated  under  comparable  con- 
ditions. 

Adenosinetriphosphatase  activity  of  spermatozoa.     LEONARD  NELSON. 2 

MgCU  (10~*M)  increases  the  rate  of  ATP  hydrolysis  by  whole  Mytilus  sperm  which  has 
been  washed  in  filtered  sea  water  (F.S.W.)  and  suspended  in  isotonic  KC1  to  220%  of  the  con- 
trol. All  concentrations  of  CaCla  decrease  the  activity.  If  the  sperm  is  washed  twice  in  F.S.W., 
and  then  four  times  in  isotonic  KC1,  Ca++  (10"3M)  increases  the  ATP-ase  activity  to  130% 
while  Mg++  (5  X  10"4  M)  raises  the  activity  to  240%  of  the  control.  In  combination  the  two 
cations  antagonize  each  other. 

The  flagellar  components  of  homogenized  sperm  have  at  least  13.5  times  greater  ATP-ase 
activity  than  the  head  fraction  on  a  nitrogen  content  basis.  Optimum  ATP-ase  activity  in 
veronal  buffer  lies  between  pH  8  and  8.5.  The  temperature  optimum  occurs  at  approximately 
30°  C.,  and  the  activation  energy  of  the  crude  tail  suspension,  over  a  range  of  21°-27°  C.,  is 
13,700  Cal. /degree/mole.  When  ATP  concentration  is  limiting,  only  the  terminal  phosphate  is 
liberated.  The  enzyme  activity  is  proportional  to  the  quantity  of  tail  suspension  present  in  the 
reaction  mixture. 

In  some  respects,  this  material  resembles  muscle  ATP-ase.  The  tail  fragments  may  be 
precipitated  out  of  sea  water  or  isotonic  KC1  by  the  addition  of  5  to  20  volumes  of  ice-cold 
glass-distilled  water.  Amino  acid  composition  of  tail  and  muscle  protein  hydrolysates  will  be 
compared  as  well  as  electrophoretic  and  ultracentrifugation  measurements  on  the  purified 
preparations. 

Where  is  the  plasma  membrane  of  the  unfertilised  egg  of  Arbacia  punctulata?    A. 
K.  PARPART  AND  P.  C.  LARIS. 

The  literature  contains  frequent  reference  to  a  plasma  membrane  immediately  inside  the 
vitelline  membrane  of  the  unfertilized  egg  of  Arbacia  punctulata.  In  addition,  the  cortical 
granules  first  described  by  Harvey,  1911,  have  been  described  as  embedded  in  a  gel-cortex  just 

1  This  work  was  done  while  working  with  Dr.  Anna  R.  Whiting  under  a  grant  from  the 
Phi  Beta  Psi  Sorority. 

2  Partially  supported  by  a  grant  from  the  Faculty  Research  Council  of  the  University  of 
Nebraska. 
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inside  the  plasma  membrane.  There  is  also  evidence  that  while  this  egg  cell  is  permeable  to 
ethylene  gl/col,  it  i>  only  very  slightly  permeable  to  glycerol  and  relatively  impermeable  to 
erythritol,  xylose,  glucose  and  sucrose. 

We  have  oKservcd  the  cortical  granules  of  the  unfertilized  Arbacia  egg  by  means  of  the 
television  microscope  under  a  variety  of  experimental  conditions.  These  granules  swell  and 
"explode"  within  a  few  seconds  after  these  cells  are  exposed  to  isosmotic  solutions  of  ethylene 
glycol.  glycerol  and  erythritol  and  in  50%  of  eggs  in  xylose  and  glucose.  Following  the  ex- 
plosion of  these  granules  a  membrane  is  lifted  from  the  egg  in  a  manner  analogous  to  the  forma- 
tion of  the  fertilization  membrane  including  the  marked  churning  of  the  cytoplasm  immediately 
adjacent  to  the  cortex.  The  remainder  of  the  egg,  however,  does  not  increase  in  volume  except 
in  the  case  of  ethylene  glycol.  Also  these  cortical  granules  cease  to  refract  light  when  the  egg 
is  exposed  to  isosmotic  sucrose  though  this  can  be  reversed  by  replacing  the  sucrose  with  sea 
water.  Such  reversal  can  be  repeated  many  times.  The  refractive  index  of  this  sucrose  solu- 
tion must  be  similar  to  that  of  the  granules.  The  sucrose  must  penetrate  the  gel-cortex,  but 
not  the  cortical  granules. 

It  is  therefore  concluded  that  the  plasma  membrane  of  the  mature  unfertilized  Arbacia  egg 
must  be  at  the  inner  margin  of  the  gel-cortex.  The  cortical  granules  are  outside  the  plasma 
membrane  and  they  must  lie  in  the  gel-cortex  between  the  vitelline  membrane  and  the  plasma 
membrane. 

Electron  microscopic  investigation  of  bumble  bee  wing  muscle.     DELBERT  E.  PHIL- 
POTT. 

This  investigation  was  carried  out  using  material  sectioned  with  a  microtome  designed  by 
the  author.  The  microtome  consists  of  a  motor-driven  specimen  holder  which  rotates  in  a 
vertical  circle.  The  knife  advance  and  holder  are  complete  in  one  unit,  thus  simplifying  the 
construction  and  operation.  The  coarse  and  fine  mechanical  advance  is  produced  from  one 
gear  by  dropping  a  worm  gear  (100:  1  ratio)  down  on  the  coarse  gear  advance.  This  moves 
a  rod  whose  opposite  end  holds  the  glass  knife.  The  rod  is  electrically  heated  to  produce  the 
final  advance  of  2-300  A  per  section.  It  has  proved  an  economical  and  simple  microtome  to 
operate  and  construct.  The  bee  wing  muscle  was  fixed  in  neutral  buffered  osmic  acid  enter- 
ing from  the  anterior  end  and  fixing  in  vitro,  thus  preventing  isotonic  contraction.  The  tissue 
was  then  removed,  dehydrated  in  isopropyl  alcohol  and  embedded  in  methyl  and  butyl  metha- 
crylate  (1:3)  for  sectioning.  No  cross  band  structure  (A  or  I  bands)  has  been  seen  either  in 
longitudinal  or  cross  sections.  The  protofibrils  have  been  found  to  be  packed  in  very  regular 
hexagonal  array.  The  diameter  of  one  protofibril  is  220  A  ±  15  A  and  the  mean  distance  from 
center  to  center  of  protofibrils  is  350  A,  but  disarrangement  in  fixation  can  vary  this  considerably. 
The  sarcomer  length  is  2  n  and  width  of  Z  line  is  800-1000  A.  An  M.  line  and  thin  H  line  also 
appear  on  all  sections.  The  protofibril  appears  to  get  slightly  narrower  in  front  of  the  Z 
membrane  and  larger  in  it.  The  protofibrils  are  densely  packed  in  an  osmophilic  substance  in 
the  Z  membrane.  The  per  cent  shrinkage  is  estimated  from  10  to  30%.  This  would  increase 
the  distance  between  protofibrils  in  the  living  state  even  beyond  130  A.  The  Z  band  is  tightly 
packed  so  probably  there  is  but  little  shrinkage  in  it. 

Cation  antagonisms.     D.  R.  SHANKLIN  AND  PHILIP  B.  ARMSTRONG. 

The  classical  work  of  Loeb  on  salt  antagonisms  was  done  on  Fnnditliis  embryos.  Believing 
that  newer  methods  would  facilitate  studies  of  this  kind,  I'undiilns  hctcroclitits  embryos  were 
subjected  to  varying  concentrations  and  osmotic  strengths  of  the  chlorides  of  calcium,  mag- 
nesium, potassium,  and  sodium.  Exchanges  of  these  cations  across  the  ectoderm  of  Oppen- 
heimer  stages  22  to  27  were  studied  by  radiotracers  Na22,  Na"1',  K4',  and  Ca4r' ;  magnesium  was 
studied  by  a  modified  TCA  titan  yellow  method  for  total  Mg,  corroborated  by  a  method  using 
4-p-nitrophenylazoresorcinol,  and  exchangeable  magnesium  by  a  modified  molybdivanadate 
method  for  phosphate;  flame  spectrophotometry  was  used  for  total  sodium  and  potassium,  and 
calcium  was  measured  by  a  chelate  titration  of  murexide  complex  with  ethylenediaminetetracetate. 
That  the  site  of  salt-acid  antagonism  is  the  ectoderm  and  not  the  chorion  was  shown  by  Arm- 
strong n()2<S)  and  by  Armstrong  and  Shanklin  (1952);  thus  salt  antagonisms  were  studied  at 
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the  ectoderm.  These  studies  show  that  the  salt  effects  are  not  all  antagonistic.  In  several  in- 
stances, e.g.,  Na  for  K,  and  Mg  for  Ca,  facilitation  is  profound.  These  results  are  tempered  by 
knowledge  of  active  transport  mechanisms  in  Fitudulns  for  influx  and  outflux  (Shanklin,  1954). 
In  osmotically  balanced  media,  magnesium  uptake  is  greater  in  all  cases  than  is  predictable  from 
summation  of  unit  action  of  the  other  ions  on  magnesium,  while  for  Ca,  K,  and  Na,  the  uptake 
is  less  than  predictable.  These  results  are  in  line  with  active  mechanisms  yielding  a  gradient 
inward  for  Mg,  and  outward  for  the  others.  The  orders  of  action  do  not  follow  Hofmeister's 
lyotropic  series,  but  appear  to  be  specific  properties  of  ions.  The  activity  of  ions  in  this  system 
is  Ca  >  K  >  Mg  >  Na,  which  is  inverse  to  their  concentration,  and  in  the  order  of  their  atomic 
mass. 

Cell  movement  and  the  axial  gradient  in  Tubularia.     MALCOLM  S.  STEINBERG. 

The  axial  gradient  in  Tubularia  is  expressed  by  a  decreasing  rate  of  hydranth  regeneration 
as  one  proceeds  proximad  down  the  stem.  During  regeneration  there  is  a  period  of  tissue  move- 
ment toward  the  regeneration  site,  followed  by  the  differentiation  of  a  hydranth  there.  These 
experiments  test  the  hypothesis  that  all  differences  in  regenerative  rate  lie  in  the  movement 
phase.  In  the  first  experiment  S-mm.  sections  were  cut  from  stems,  the  distal  cut  being  made 
2  mm.  below  the  base  of  the  hydranth.  Only  sections  of  the  widest  and  narrowest  diameter  were 
used,  20  wide  pieces  constituting  one  group  and  20  narrow  ones  constituting  the  other.  Time 
for  regeneration  was  48.5  hours  for  the  narrow  group  and  59.1  hours  for  the  wide  group.  Time 
for  tissue  movement  was  22.5  hours  for  the  narrow  group  and  32.7  hours  for  the  wide  group. 
Time  for  differentiation  was  26.0  hours  for  the  narrow  and  26.4  hours  for  the  wide  group.  In 
the  second  experiment  twenty  10-mrn.  sections  were  cut  similarly  and  ligated  in  the  middle. 
Time  for  regeneration  was  33.3  hours  distally  and  46.5  hours  proximally.  Time  for  movement 
was  21.4  hours  distally  and  33.0  hours  proximally.  Time  for  differentiation  was  11.9  hours 
distally  and  13.5  hours  proximally.  Repetition  of  this  experiment  on  another  colony  gave  41.3 
hours  for  regeneration  distally  and  75.2  hours  proximally.  Time  for  movement  was  25.8  hours 
distally  and  59.9  hours  proximally.  Time  for  differentiation  was  15.4  hours  distally  and  15.3 
hours  proximally.  The  results  show  that  while  stems  from  different  colonies  differentiate  at 
different  rates,  variations  in  regenerative  rate  between  individual  stems  within  the  colony  or 
between  different  regions  of  the  same  stem  are  due  to  differences  in  the  rate  of  tissue  movement 
and  not  in  the  rate  of  differentiation.  Other  experiments  show  that  the  movement  is  due  to 
amoeboid  ectoderm  cells,  which  indicates  that  the  axial  gradient  in  Tubularia  is  in  reality  a 
reflection  of  the  activity  or  orientation  of  these  cells. 

Sedimentation  constants,  viscosity,  and  diffusion  of  the  fertilizins  of  Arbacia  and 
Echinarachnius.1     ALBERT  TYLER,  ALAN  BURBANK  AND  JAMES  S.  TYLER. 

Solutions  of  the  fertilizins  of  A.  punctulata  and  E.  farina  were  prepared  by  the  previously 
described  (Tyler,  1948,  1949)  methods.  Sedimentation  velocities  were  determined  in  the  Spinco 
analytical  ultracentrifuge,  using  relatively  dilute  (0.1%  and  0.2%)  solutions  in  pH  9.02  borate 
buffer  (M  =  0.1)  forArbacia  and  pH  7.02  phosphate  buffer  (>  =  0.1)  for  Echinarachnius.  These 
gave  average  s«o's  of  7.09  X  10~13  cm./sec.  unit  field  for  Arbacia  and  of  4.67  X  10~13  for  Echi- 
narachnius, as  compared  with  a  previously  (1949)  obtained  value  of  6.3  X  10~13  for  Strongy- 
locentrotus  pnrpitratiis. 

The  intrinsic  viscosities  are  0.942  for  Arbacia  and  0.895  for  Echinarachnius.  Calculated  as 
spheres,  the  molecular  weights  would  be  82,800  for  Arbacia  and  54,000  for  Echinarachnius. 

Attempts  were  made  to  determine  the  diffusion  coefficients  by  use  of  spreading  of  refractive 
index  boundaries  both  in  electrophoretic  cells  and  in  the  ultracentrifuge  (at  low  speeds).  Since 
solutions  of  high  concentrations  gelate,  the  measurements  were  attempted  with  the  relatively 
small  areas  and  peaks  obtained  with  dilute  solutions,  and  these  gave  variations  of  over  three- 
fold. Taking  as  a  first  approximation  2.1  X  10"7  cm.2/sec.  for  Arbacia  gives  a  molecular  weight 
of  300,000,  and  an  axial  ratio  (as  unhydrated  prolate  ellipsoid)  of  28:  1. 

1  Supported  in  part  by  a  grant  (C-2302)  from  the  National  Cancer  Institute,  Public  Health 
Service. 
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The  electrophoretic  mobilities  oj  the  fertilizins  of  Arbacia  and  Echinarachnius.1 
ALBERT  TYLER,  ALAN  BURBANK  AND  JAMES  S.  TYLER. 

Electrophoretic  mobilities  of  the  fertilizins  of  A.  pmictitlata  and  E.  parma  were  determined 
in  the  Tisclius  apparatus  in  dilute  (0.2%)  solutions.  The  values  obtained  (in  cm.2/sec./volt 
X  104)  are,  for  Arbacia,  1.99  in  pH  7.02  phosphate  buffer  (n  =  0.1),  1.57  in  pH  4.84  acetate  buffer 
(M  =  0.1)  and  2.02  in  pH  2.0  HC1-KC1  buffer  (M  =  0.05),  and,  for  Echinarachnius,  1.82  in  pH 
7.02  phosphate  buffer  (^  =  0.1).  The  value  for  Arbacia  at  pH  2  seems  anomalous.  The  other 
values  are  of  the  same  order  as  those  previously  (1949)  obtained  for  Strongylocentrotus  and 
show  the  fertilizins  to  be  highly  acidic  glycoproteins  of  low  isoelectric  point. 

Slu dies  on  urocanylcholine.     V.  P.  WHITTAKER  AND  I.  A.  MICHAELSON. 

Urocanylcholine,  first  discovered  by  Erspamer  and  coworkers  in  certain  Mediterranean 
molluscs,  notably  Miirex  brandaris,  has  now  been  identified  spectroscopically  in  t\vo  related 
North  Atlantic  species,  Urosalpinx  cinerea  and  Tliais  lapilliis.  The  active  material  was  ex- 
tracted from  the  whole  organisms  by  the  usual  trichloracetic  acid  procedure.  This  extract 
contained  much  material  with  a  non-specific  U.V.  absorption.  Accordingly  an  amount  of  extract 
equivalent  to  about  one  gm.  of  tissue  was  poured  onto  a  weak  acid  ion  exchange  resin  previously 
buffered  to  pH  4.3  and  eluted  with  0.1  M  NaH2PO4  followed  by  0.1  N  HC1.  The  U.V.  ab- 
sorption and  biological  activity  on  the  frog  rectus  preparation  of  successive  fractions  was  de- 
termined. During  the  elution  with  phosphate,  a  biologically  inactive  component  with  intense 
U.V.  absorption  at  270  niM  made  its  appearance  in  the  early  fractions  ;  this  was  tentatively  iden- 
tified as  homarine  on  the  basis  of  (a)  the  wave-length  of  the  absorption  peak,  (b)  the  invariance 
of  the  peak  with  pH.  The  next  material  to  appear  was  acetylcholine,  identified  by  differential 
assay  on  the  frog  rectus  and  clam  heart  and  by  its  similar  behavior  on  the  column  to  synthetic 
acetylcholine.  On  elution  with  acid  the  pH  of  the  effluent  fell,  and  a  component  with  strong 
U.V.  absorption  and  biological  activity  made  its  appearance.  The  spectrum  of  this  compound 
was  identical  in  the  range  240-350  mM  with  Erspamer's  curve  for  urocanylcholine ;  on  acid  or 
alkaline  hydrolysis,  activity  was  lost  and  the  spectrum  was  replaced  by  that  of  urocanic  acid. 
Urocanylcholine  accounted  for  80-90%  of  the  acetylcholine-like  activity  of  the  original  extracts 
and  its  concentration  in  Tliais  and  Urosalpin.r  was  360  and  230  Mgm./gm.  fresh  tissue,  re- 
spectively. 
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Fluctuation  in  the  form  of  tJie  daily  rhythm  of  O.2 -consumption  in  fiddler  crabs.2 
M.  F.  BENNETT,  F.  A.  BROWN,  JR.  AND  H.  M.  WEBB. 

The  Os-consumption  of  two  species  of  fiddler  crabs,  £'Y«  pitfjna.v  and  Uca  pugilator,  was 
measured  continuously  for  about  45  days  from  June  23  to  August  5  under  constant  conditions  of 
temperature  and  illumination.  The  temperature  was  19.5°  C.  and  the  illumination  was  less  than 
1  ft.  c.  When  the  form  of  the  persistent  daily  cycle  of  Oa-consumption  was  determined  for  each 
of  several  semilunar  periods  it  was  found  that  the  form  of  these  exhibited  a  cycle  of  change 
through  the  month.  During  the  two  semilunar  periods  commencing  with  the  first  quarter  of 
the  moon,  the  rate  was  gcnrrally  high  through  most  of  the  day  with  maxima  about  3  A.M., 
9  A.M.,  and  3  P.M.,  and  with  a  predominant  minimum  about  8  to  10  P.M.  For  the  period  com- 
mencing at  new  moon,  the  three  maxima  were  more  clearly  evident.  For  the  periods  beginning 
at  the  first  quarter  and  full  moon,  the  3  P.M.  maximum  became  progressively  more  dominant 
with  a  lower  rate  of  Os-consumption  during  the  morning  hours.  In  every  period  the  lowest 
rates  of  the  day  occurred  during  the  evening  hours.  These  observations  strongly  suggest  that 
the  crabs  possess  a  cycle  of  Ou-utili/ution  about  a  synodic  month  in  luigth. 

1  Supported  in  part  by  a  grant  (C-2302)  from  the  National  Cancer  Institute,  Public  Health 
Service. 

-  This  work  was  supported  in  part  by  contracts  NONR-09703  and  NONR  122803  with  the 
Office  of  Naval  Research. 
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Some  physiological  properties  of  frog  sperm.1     G.  S.  BERNSTEIN. 

Sperm  of  Rana  piplcns  and  R.  clamitans  were  obtained  from  extirpated  testes  mashed  in 
buffered  (3  X  ICT4  M  phosphate,  pH  =  7.00),  8.7%  (v/v)  Ringer's  solution.  Large  pieces  of 
testicular  tissue  were  removed  by  filtration  through  cheese  cloth.  The  motility  of  washed  and 
unwashed  sperm  from  both  species  was  reversibly  inhibited  10  to  20  minutes  after  being  placed 
in  an  oxygen-free  (alkaline  pyrogallol)  chamber.  HCN  (10~3  and  10"2  M)  reversibly  inhibited 
motility  within  6  minutes.  Added  glucose  did  not  prevent  the  inhibition  of  motility  by  lack  of 
oxygen  or  HCN.  The  sperm  were  treated  with  inhibitors  in  further  attempts  to  char- 
acterize their  metabolism.  Fluoride,  iodoacetate,  azide,  and  mixtures  of  these  substances  (all 
at  10~3  il/)  did  not  affect  motility  in  three  hours.  The  failure  of  these  substances  to  inhibit 
motility  may  be  due  to  their  high  degree  of  dissociation,  and  hence  their  low  penetration  into 
the  sperm,  at  pH  7.00. 

There  are  several  available  substances  which  may  be  used  as  substrates  by  frog  sperm.  R. 
clamitans  sperm  contain  1.2  X  10~7  7  of  lipid  phosphorus  per  cell.  Unwashed  suspensions  of  R. 
clamitans  sperm  contain  10  to  25  7  of  reducing  sugar  per  ml.  Paper-chromatographic  analyses 
showed  that  only  one  reducing  sugar  is  present;  this  is  an  aldohexose  (reddish-brown  color  with 
/>-anisidine  HC1)  having  an  Rt  value  identical  with  that  of  glucose. 

These  data  indicate  that  frog  sperm  obtain  energy  for  motility  from  aerobic  metabolism, 
possibly  involving  the  use  of  phospholipid  or  glucose. 

The  response  of  fibrillar  flight  muscle  to  rapid  release  and  stretch.     E.  G.  BOETTIGER 

AND  E.   FURSHPAN. 

Wing  movements  in  some  insects  are  produced  by  antagonistic  fibrillar  muscles,  both  stimu- 
lated in  flight  at  frequencies  that  produce  tetanus  in  the  isolated  muscles.  We  previously  sug- 
gested that  the  speed  of  shortening  releases  the  tension  which  does  not  reappear  during  the  sub- 
sequent stretch.  To  test  this  theory,  a  preparation  of  the  longitudinal  flight  muscle  of  the 
bumble  bee  was  used. 

This  muscle  tetanizes  at  40  stimuli  per  second ;  produces  up  to  40  grams  tension ;  shows 
very  strong  summation ;  contraction  takes  about  250  msec,  and  relaxation  twice  as  long.  A 
muscle  5-6  mm.  long  can  shorten  0.3  mm.  from  in  situ  length.  Stretching  above  this  length 
0.1-0.2  mm.  increases  active  tension.  Probable  shortening  during  normal  flight  is  0.1  mm.  A 
fast  release  of  0.1  mm.  produces  almost  complete  loss  of  tension.  The  tension  returns  to  that 
characteristic  of  the  new  length  in  the  usual  manner. 

When  a  passively  stretched  unstimulated  muscle  is  stretched  following  a  release,  the  tension 
rises  in  phase  with  the  stretch.  A  stimulated  muscle  can  be  stretched  after  release  with  the 
return  of  only  40-50  per  cent  of  the  original  tension.  The  remaining  tension  returns  following 
the  attainment  of  full  length.  This  property  does  not  depend  on  the  time  after  release  as  much 
as  on  the  stretch  itself. 

Persistent  rhythms  of  0  ^-consumption  in  carrots  and  potatoes.-     F.  A.  BROWN, 
JR.,  R.  O.  FREELAND  AND  M.  F.  BENNETT. 

Sections  of  carrots  and  pieces  of  potatoes  bearing  eyes,  each  weighing  about  five  grams, 
were  investigated  continuously  for  a  synodic  month  and  hourly  values  of  Os-consumption  were 
obtained.  Under  the  conditions  of  constant  temperature  and  constant  very  low  illumination  there 
were  continuous  variations  in  the  rate  of  O2-uptake  but  there  was  no  overt  similarity  of  the 
patterns  from  day  to  day.  When,  however,  the  data  for  the  whole  lunar  period  were  examined 
for  the  existence  of  a  rhythmic  component  of  primary  solar  frequency,  an  unequivocal  daily 

1  Aided  by  grants  from  the  Lalor  Foundation,  the  Research  Committee  of  the  Faculty  of  the 
University  of  Delaware,  and  by  a  contract  (Nonr  160-015)  between  the  University  (Dr.  R.  R. 
Ronkin)  and  the  Department  of  the  Navy,  Office  of  Naval  Research. 

-  This  work  was  supported  in  part  by  contracts  NONR-09703  and  XONR  122803  with  the 
Office  of  Naval  Research. 
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cycle  was  apparent  for  each  plant.  The  carrots  exhibited  a  principal  maximum  about  5  A.M. 
and  a  principal  minimum  about  noon;  the  potatoes  showed  two  conspicuous  maxima,  one  at 
>  A.M.,  and  tin:  other  at  3  P.M.,  with  a  principal  minimum  about  midnight.  An  analysis  of  the 
data  to  demonstrate  any  persisting  primary  lunar  rhythm  showed  the  potatoes  to  have  a  minimum 
at  lunar  zenith,  followed  by  a  principal  maximum  eight  hours  later  and  a  lesser  minimum  at 
lunar  nadir  followed  by  a  lesser  maximum  about  four  hours  later.  For  the  carrots  the  lunar 
cycle  \vas  tetramndal  with  the  principal  maxima  following  lunar  zenith  and  nadir  by  nine  and 
five  hours,  respectively.  The  presence  of  a  lunar  cycle  of  Oa-consumption  was  also  apparent 
in  the  demonstration  that  for  both  plants  the  diurnal  cycle  calculated  for  the  scmilunar  period, 
May  12-26  gave  the  major  maximum  in  the  A.M.,  and  for  the  period  May  27-June  9,  in  the  P.M. 

'/'lie  primary  lunar  rhythm  of  0.2 -consumption  in  the  fiddler  crab.1     F.  A.  BROWN, 
JR.,  M.  I.  SANDEEN  AND  C.  L.  RALPH 

The  Oa-consumption  of  two  species  of  fiddler  crabs  was  determined  continuously  for  more 
than  forty  days  and  the  data  analyzed  to  learn  the  form  and  phase  relationships  of  any  per- 
sistent primary  lunar  or  tidal  rhythm  which  might  exist.  The  data,  for  analysis,  were  sub- 
divided into  five  semilunar  periods,  each  beginning  with  the  day  of  one  of  the  quarters  pf  the 
moon.  In  both  species,  for  the  first  semilunar  period,  there  were  found  simple  sinusoidal 
rhythms  with  maxima  of  Oa-consumption  at  the  times  of  low  tide  in  the  habitat  from  which  the 
crabs  had  been  collected.  In  the  period  covering  the  second  and  third  weeks,  the  amplitudes 
of  the  lunar  cycles  were  greatly  reduced  with  maxima  not  only  at  the  times  of  low  tide  but  also 
with  new  maxima  appearing  about  halfway  between.  For  the  remaining  three  periods  freshly 
collected  Uca  pu</na.\-  were  added  from  time  to  time;  the  lunar  cycles  tended  to  remain  more  or 
less  bimodal.  For  the  Uca  pugilator  the  third  fifteen-day  period  of  analysis,  utilizing  some  of 
the  initial  lot  of  animals  and  some  which  had  been  freshly  collected,  had  bimodal  lunar  cycles. 
During  the  succeeding  fifteen-day  period  continuing  with  the  same  collection  of  crabs  the  cycles 
continued  to  be  bimodal,  but  by  the  last  semilunar  period  had  become  again  unimodal  but  now 
with  minimum  rate  of  Os-consumption  occurring  about  the  time  of  lunar  zenith  and  nadir.  It 
appeared,  therefore,  that  the  crabs  kept  in  the  laboratory  gradually  shifted  the  phases  of  their 
tidal  rhythm  from  a  minimum  about  the  time  of  high  tide,  to  the  time  of  lunar  zenith  and  nadir 
which  in  this  instance  was  six  hours  out  of  phase  with  the  habitat  high  tide. 

Solar  and  lunar  rli\t!iins  of  0  ^-consumption  in  the  seaweed,  Fitcus.1     F.  A.  BROWN, 
JR.,  M.  I.  SANDEEN  AND  H.  M.  WEBB. 

Tips  of  thalli  of  the  brown  alga,  Fucus,  aggregating  about  five  grams,  were  placed  in  each 
of  seven  transparent  respirometer  vessels  suspended  in  a  black-lined  constant-temperature  bath 
provided  with  a  constant  illumination  of  1  ft.  c.  at  the  water  surface,  and  the  Os-consumption 
measured  continuously  over  a  period  of  more  than  15  days.  Fresh  plant  material  was  sub- 
stituted every  four  to  six  days.  The  rate  of  O-consumption  fluctuated  greatly  during  the 
period  of  the  study.  The  over-all  average  was  about  49  ml./Kg./hr.  but  the  rate  during  the 
period  varied  as  widely  as  from  about  30  to  about  100  ml./Kg./hr.  When  the  data  were 
analyzed  for  the  presence  of  a  rhythmic  component  of  primary  solar  frequency  between  the  dates 
July  29,  the  day  of  a  MCW  moon,  and  August  12,  about  the  time  of  a  full  moon,  there  was  found 
to  be  a  daily  cycle  w  '  >:h  w;  j  essentially  bimodal.  There  were  two  nearly  equal  maxima,  one 
about  midnight  and  thu  other  about  noon.  Minima  were  seen  at  6  A.M.  and  about  3  P.M.  From 
.:  minimum  to  a  ma>  inium  "olved  about  a  lO^o  increase  in  rate.  When  the  primary  solar 
rhythm  was  rcnderec  -andom  ,md  the  data  analyzed  for  any  rhythmic  component  of  primary 
lunar  or  tidal  frequency,  there  was  found  present  a  low  amplitude  primary  lunar  rhythm  during 
this  same  period.  The  lunar  rhythm  was  one  in  which  there  were  broad  maxima  separated  bj 
minima  occurring  at  the  times  of  lunar  zenith  and  nadir.  From  maxima  to  minima  in  the  lunar 
involved  an  increase  of  only  about  6%  in  rate  of  O^-utilization. 

1This  work  was  supported  in  part  by  contracts  NONR-09703  and  NONR  122803  with  the 
Office  of  Xaval  Research. 
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Osmotic  resistance  of  dogfish  and  taittog  crythrocytes.     DAVID  CHALFIN. 

Osmotic  resistance  measurements  were  made  of  the  erythrocytes  of  dogfish  and  tautog  at 
two  pH's,  5.8  and  7.5.  The  isotonic  solution  for  dogfish  is  0.35  M  NaCl  and  for  the  tautog  is 
0.21  M  NaCl.  The  fragility  curves  for  the  dogfish  cells  are  different  from  those  of  the  tautog 
and  in  each  case  the  curves  at  pH  5.8  are  different  from  those  at  7.5.  In  tautog,  the  cells 
appear  less  osmotically  resistant  at  pH  5.8  than  at  pH  7.5.  The  tautog  hemoglobin  is  pre- 
cipitated at  pH  5.8  but  not  at  pH  7.5  so  that  the  amount  of  measured  hemoglobin  at  the  acid  pH 
never  approaches  the  amount  in  solution  at  the  alkaline  pH.  In  addition,  however,  the  amount 
of  hemoglobin  in  the  hemolysates  of  presumably  completely  hemolyzed  cells  varied  slightly  with 
salt  concentration  at  pH  5.8  but  not  at  7.5. 

In  dogfish  the  cells  appear  slightly  more  osmotically  resistant  at  pH  5.8  than  at  pH  7.5. 
This  hemoglobin,  in  contrast  with  that  of  the  tautog,  is  not  precipitated  at  the  acid  pH.  The 
shape  of  the  osmotic  resistance  curve  at  pH  7.5  has  a  bimodal  character ;  i.e.,  the  dogfish  cells 
are  grouped  into  two  main  classes  of  either  size,  membrane  resistance  or  some  other  governing 
factor.  At  pH  5.8  the  amount  of  hemoglobin  in  the  hemolysate  goes  through  a  maximum  as  the 
tonicity  is  increased  from  distilled  water  towards  isotonicity.  At  this  maximum  (ca.  30%  of 
isotonicity)  the  amount  of  hemoglobin  measured  is  almost  equal  to  that  found  in  basic  solutions 
of  similar  tonicities.  This  resulted  in  what  appeared  to  be  less  hemolysis  in  distilled  H«O  than 
in  5%  of  isotonicity,  less  at  5%  than  at  10%  of  isotonicity  and  so  on  up  to  the  maximum  at 
30%  of  isotonicity  (0.105  M  NaCl).  Further  study  indicated  that  this  was  due  to  the  fact  that 
the  hemoglobin  which  had  come  out  of  the  cells  adhered  to  the  ghosts  at  pH  5.8  and  the  amount 
of  this  adhesion  was  dependent  on  the  ionic  strength  of  the  hemolysate. 

Mitotic  inhibition  by  caffeine  and  x-rays.     RALPH  HOLT  CHENEY  AND  ROBERTS 

RUGH. 

Comparative  effects  of  different  caffeine  molarities  upon  the  development  of  the  egg  of 
Arbacia  punctulata  were  stated  in  1948  by  Cheney.  In  1940,  Henshaw  reported  effects  of  x-ray 
irradiation  on  Arbacia  as  being  most  severe  in  the  prophase  stage.  The  current  experiments 
submitted  unfertilized  eggs  in  filtered  sea-water  (SW)  to  x-rays  at  the  rate  of  6,000  roentgen 
units  per  minute  for  intervals  totalling  1,000  r  to  300,000  r;  and/or  pretreatment  of  30  minutes 
in  various  caffeine  molarities,  prior  to  insemination  with  non-treated  sperm  in  SW.  The  fer- 
tilization process  and  developmental  rate  were  observed  continuously  for  two  hours  and  at 
intervals  to  pluteus  larva.  Study  was  made  of  the  effect  of  a  given  amount  of  irradiation  and 
of  a  given  caffeine  molarity,  separately  and  in  combination.  The  chronology  and  extent  of 
delay  were  recorded  in  the  different  mitotic  phases  of  the  first  cleavage.  Any  over-all  time 
delays  in  subsequent  development  were  noted  with  reference  to  the  organism's  attainment  of 
pluteus  formation. 

In  agreement  with  Henshaw,  the  greatest  effect  (slowing  up)  by  x-ray  irradiation  was 
observed  during  prophase.  Our  observations  demonstrate  clearly  that  the  chemical  agent, 
caffeine,  is  also  most  effectively  inhibitory  during  amphiaster  transitions  of  mitotic  prophase. 
Caffeine  and  x-rays  appear  to  affect  mitosis  at  the  same  stage,  i.e.,  prophase.  Therefore,  we 
considered  the  possibility  of  synergistic,  summation,  or  even  antagonistic  action  of  these  two 
agents.  Since  no  such  effects  were  observed  when  these  agents  were  applied  in  combination, 
it  is  presumed  that  the  mechanism  of  their  effect  is  different.  Since  it  is  known  that  x-rays 
alter  the  physical  make-up  of  chromosomes  and  that  caffeine  affects  the  Cortical  granules  and 
surface  forces  of  the  egg,  we  may  suggest  that  x-rays  delay  cleavage  by  :ir  effect  on  chromo- 
somes and  the  first  effect  of  the  caffeine  is  primarily  on  the  cytoph^m. 

Uptake  of  certain  hexoses  by  Arbacia  larvae.     G.  H.  A.  CLOV-  is,  A.  K.  KELTCH 
AND  C.  P.  WALTERS. 

To  supplement  previous  studies  by  the  authors  upon  hexokinase  activity  of  unfertilized  and 
fertilized  Arbacia  eggs,  hexose  uptake  of  Arbacia  larvae  has  been  measured.  Fertilized  eggs 
were  allowed  to  develop  in  sea  water  at  25°  C.  for  24  hours  with  continuous  gentle  stirring, 
yielding  a  homogeneous  population  of  plutei ;  these  were  collected  by  gentle  centrifuging,  re- 
suspended  in  sea  water  containing  the  desired  hexose  at  .0004  M,  and  incubated  for  two  hours 
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at  20°  C.  in  Warburg  vessels  with  shaking  at  70  cycles  per  minute.  Glucose  was  taken  up  at 
an  average  rate  of  approximately  250  micrograms  per  hour  per  gram  wet  weight  of  larvae ; 
this  rate  was  not  affected  by  dinitrocresol  at  concentrations  from  4  X  10"°  717  to  1.0  X  10"8  M. 
The  use  of  mannose  and  galactose  was  small  as  compared  to  glucose ;  fructose  did  not  appear  to 
be  used  at  all ;  exact  values  for  hexoses  other  than  glucose  cannot  be  stated  because  the  Nelson 
method  is  not  completely  satisfactory  for  these  sugars.  When  the  hexose  added  was  fructose, 
there  was  a  net  increase  in  reducing  substances  during  incubation.  The  oxygen  consumption  of 
the  larvae,  as  in  the  case  of  unfertilized  and  recently  fertilized  eggs,  rose  to  a  maximum  at 
8X10"*  to  1.6  X  10"6  M  dinitrocresol  and  decreased  at  higher  concentrations;  the  addition  of 
any  hexose  to  the  medium  did  not  alter  the  basal  oxygen  consumption  or  the  form  and  height 
of  the  curve  with  dinitrocresol. 

Retention  of  phosphate  label  by  starving  Amoeba  proteus.     ADOLPH  I.  COHEN. 

Amoeba  proteus  were  indirectly  labelled  with  P3"  via  feeding  them  Tctrahymcnci  f^yrifonnis 
which  had  been  grown  in  media  containing  inorganic  P32.  Single  amoebae  may  be  labelled  to 
the  extent  of  500-1000  counts  per  minute  after  48  hours  of  growth  on  such  labelled  ciliates. 
After  growth  on  unlabelled  ciliates  for  48  hours  to  obviate  label  loss  by  defecation,  single  amoebae 
in  a  standard  fluid  volume  and  in  a  standard  container  were  assayed  daily,  while  living,  for  radio- 
activity. Such  measurements  were  made  over  10  days  of  starvation  in  various  media  or  during 
feeding.  Feeding  amoebae  divide  and  the  total  resulting  population  is  then  counted  simul- 
taneously as  a  unit.  Starving  amoebae  usually  show  one  division  (presumably  from  reserves) 
and  occasionally  a  second  division,  even  after  visible  size  loss  and  loss  of  reduced  weight.  In 
confirmation  of  the  work  of  Frederich-Freksa,  no  loss  of  activity  was  found  for  the  fed,  growing 
population.  Surprisingly,  no  detectable  loss  of  activity  was  likewise  found  for  the  starving 
group.  The  amoeba  medium  employed  has  8  mg.  KC1,  4  mg.  MgSOr7H2O,  and  12  mg. 
CaHPO4-2H2O  (saturated)  per  two  liters  of  Pyrex-distilled  water.  The  omission  of  phosphate 
ion,  the  addition  of  glucose  (.004  M),  the  addition  of  sodium  glycerophosphate  (.004  M},  and 
various  combinations  of  these  did  not  alter  the  findings.  The  method  appears  capable  of  detect- 
ing losses  of  over  15%.  The  loss  of  reduced  weight  during  the  starving  period  is  of  the  order 
of  50%.  Since  James  has  reported  loss  of  ribonucleic  acid  during  starvation  of  whole  amoebae, 
an  attempt  was  made  to  fractionate  amoebae  and  look  for  shifts  in  label  distribution.  The 
attempt  to  get  a  reliable  fractionation  procedure  has  thus  far  been  unsuccessful  and  efforts  along 
this  line  are  continuing. 

The  effect  of  tetrodoto.vin  and  related  substances  on  cell  division.'1     PIERRE  COUIL- 
LARD. 

It  was  suggested  by  Yudkin  in  1945  that  tetrodotoxin,  the  poison  from  the  ripe  ovary  of 
tropical  tetrodont  fishes,  can  also  occur  in  Sphcroidcs  maculatus,  the  common  "puffer"  of  the 
North-Atlantic  coast. 

Ripe  ovaries  of  5".  maculatus  contain  a  dialyzable  factor  which  is  active  in  preventing 
germinal  vesicle  breakdown  in  the  oocyte  of  Asterias  and  cleavage  in  the  eggs  of  Asterias, 
Chaetopterus  and  Arbacia.  Like  tetrodotoxin  (which  is  also  dialyzable),  this  factor  is  lacking 
in  immature  or  spent  ovaries.  Crystalline  tetrodotoxin  (kindly  supplied  by  the  Sankyo  Co., 
Tokyo)  was  shown  likewise  to  inhibit  both  germinal  vesicle  breakdown  and  cleavage. 

Spent  ovaries  do  contain  an  antimitotic  substance,  but  it  is  not  readily  dialyzable.  Further- 
more, crude  extracts  of  such  ovaries  will  markedly  enhance  germinal  vesicle  breakdown  in 
starfish  oocytes.  In  all  cases  the  effects  are  not  due  to  changes  of  pll. 

Previous  work,  notably  experiments  with  inhibitors  such  as  periodate,  points  to  this  non- 
dialyzablc  antimitotic  agent  as  being  a  muccopolysaccharide,  having  a  heparin-like  effect  on 
blood  clotting,  possibly  homologous  with  a  number  of  such  substances  found  by  Heilbrunn  and 
his  co-workers  in  the  ovaries  of  many  vertebrate  and  invertebrate  forms  including  12  local 

1  Holder  of  a  Special  Scholarship,  National  Research  Council  of  Canada.  Part  of  this 
investigation  was  supported  by  a  research  grant  from  the  National  Cancer  Institute,  National 
Institutes  of  Health,  Public  Health  Service,  administered  by  L.  V.  Heilbrunn. 
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species  of  fishes.  Protein-free  polysaccharides,  containing  from  5  to  8%  glucosamine,  have 
indeed  been  extracted  in  crude  form  from  puffer  ovary.  Though  they  are  metachromatic  and 
occasionally  exhibit  anticoagulant  action,  they  have  failed,  so  far,  to  show  antimitotic  activity. 
This  could  be  due  to  the  lack  of  an  essential  protein  cofactor  (as  recently  shown  by  Rathgreb 
and  Sylven  in  the  case  of  Shear's  polysaccharide). 

A  conjugating  strain  of  Tetrahymena  vorax*     ALFRED  M.  ELLIOTT  AND  ROBERT 
E.  HAYES. 

Two  clones  of  Tetrahymena  vorax  were  isolated  in  April,  1954,  from  a  small  roadside 
stream  near  the  village  of  La  Chorrera  in  the  Republic  of  Panama.  Species  identification  was 
made  from  Feulgen  and  silver  nitrate  preparations  following  the  taxonomic  system  proposed  by 
Corliss.  The  two  clones  are  considered  identical  and  are  here  designated  as  strain  RP.  They 
are  maintained  in  axenic  culture. 

All  animals  possess  a  typical  macronucleus  and  usually  one  micronucleus,  or  rarely  two. 
No  amicronucleate  individuals  have  been  observed.  It  appears  to  have  a  higher  number  of 
chromosomes,  of  approximately  the  same  size,  than  the  conjugating  strains  of  T.  pyriformis, 
WH6  and  WH14. 

Strain  RP  exhibits  the  polymorphic  life  cycle  characteristic  of  the  species.  Transforma- 
tion from  a  pyriform  microstome  stage  to  the  cannibalistic  macrostome  form  occurs  readily  in 
starved  cell  suspensions. 

Animals  washed  in  distilled  water  and  allowed  to  starve  for  several  hours  conjugate  (self) 
within  the  clone.  The  stages  of  conjugation  are  essentially  like  those  of  T.  pyriformis.  At  the 
end  of  the  process  conjugates  separate  and  give  rise  to  viable  exconjugant  clones,  which  are 
sexually  immature. 

Tetrahymena  from  Mexico,  Panama,  and  Colombia.1     ALFRED  M.  ELLIOTT  AND 
ROBERT  E.  HAYES. 

One  hundred  forty-two  fresh-water  samples  from  Mexico  (37),  Panama  and  the  Canal 
Zone  (81),  and  Colombia  (24)  were  examined  for  Tetrahymena.  The  habitats  included  rivers, 
ponds,  lakes  and  irrigation  ditches.  They  ranged  in  elevation  from  sea  level  to  10,000  feet,  and 
in  temperature  from  approximately  8°  to  35°  C.  Of  these  142  samples  30  were  positive,  and 
from  these  277  clones  of  Tetrahymena  were  isolated  and  established  in  axenic  cultures.  Two 
proved  to  be  T.  vorax;  all  others,  T.  pyriformis. 

None  of  the  277  clones  were  able  to  grow  when  any  one  of  the  19  nutrilites  essential  for 
strain  E  were  absent  from  the  medium.  Their  growth  characteristics  in  the  standard  peptone- 
tryptone  stock  medium  resemble  those  of  strain  E. 

The  nuclear  picture  varied  among  the  different  clones.  For  example,  from  two  habitats 
in  Mexico  and  10  in  Panama,  all  contained  micronuclei,  whereas  5  other  Mexican  and  5 
Panamanian  habitats  yielded  only  11  out  of  41  clones  that  contained  micronuclei. 

All  clones  were  tested  for  their  mating  reaction.  Conjugating  strains  were  found  in  12  of 
the  30  habitats  studied,  all  of  which  belong  to  variety  2  of  Gruchy's  mating  system  for  Tetra- 
hymena pyriformis  (except  the  T.  vorax  strains,  which  are  selfers).  Conjugating  strains  were 
also  found  from  5  additional  habitats  but  they  have  not  been  identified  as  to  variety.  All  mating 
strains  possess  micronuclei.  No  amicronucleate  clones  have  been  observed  to  conjugate. 

X-it -radiation  of  sexual  strains  of  Tetrahymena.1     ALFRED  M.  ELLIOTT,  ROBERT  E. 
HAYES  AND  J.  ROGERS  BYRD. 

The  non-conjugating,  amicronucleate  strain  E  (T.  pyriformis)  is  highly  resistant  to  x-rays. 
The  mating  types,  WH6  and  WH14,  on  the  other  hand,  do  possess  micronuclei  and  should 
furnish  more  favorable  material  for  detecting  radiation  damage  to  the  genetic  system. 

1  This  investigation  was  supported  in  part  by  a  research  grant  (PHS  G3S88)  from  the 
National  Institutes  of  Health,  Public  Health  Service. 
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Distilled-\vatcr  suspensions  of  vegetative  cells  of  both  mating  types  were  exposed  to  graded 
doses  of  x-rays  employing  the  Wichterman-Figge  plastic  radiation  chamber.  At  50,000  r  in- 
tervals samples  were  removed  and  placed  in  peptone-tryptone  stock  culture  media.  Following 
72  hours  of  incubation  the  amount  of  growth  was  determined.  No  animals  survived  650,000  r 
and  the  1. 1)  50  was  computed  to  be  approximately  400,000  r.  Surviving  cells  which  received 
200,000  to  600,000  r,  inclusive,  were  permitted  to  conjugate  and  a  search  was  made  for  evidences 
,  of  cytological  abnormalities.  The  conspicuous  anomalies  were  failures  of  the  homologous 
chromosomes  to  pair  properly. 

In  order  to  determine  the  relative  sensitivity  to  x-rays  at  various  stages  in  the  life  cycle, 
mating  types  were  first  permitted  to  conjugate  and  reach  the  crescent  stage  of  prophase  of  the 
first  prezygotic  division,  and  then  exposed  to  graded  doses  of  x-rays.  Samples  were  withdrawn 
at  5000  r  intervals.  Twenty  pairs  were  isolated  from  each  sample  and  placed  in  stock  media  in 
depression  slides.  After  24  hours  of  incubation  they  were  transferred  to  tubes.  Ninety-six 
hours  later  relative  growth  was  determined.  No  cells  survived  400,000  r  and  the  LD  50  was 
computed  to  be  approximately  300,000  r.  Cells  that  survived  conjugation  gave  rise  to  viable 
cultures  which  appeared  to  be  normal  as  regards  their  cultural  reaction  in  stock  medium. 

Excitation  in  nerve  cells  of  the  lobster  stretch  receptors.     C.  EYZAGUIRRE  AND  S. 

W.    KUFFLER. 

The  stretch  receptors  in  the  lobster  (Hoinants  uincricanus) ,  recently  described  by  Alex- 
androwicz,  offer  a  suitable  preparation  for  the  study  of  many  aspects  of  nervous  activity. 
Each  stretch  receptor  unit  consists  of  a  fine  muscle  bundle  which  receives  one  sensory  neuron 
and  one  or  more  motor  and  inhibitory  nerves.  The  sensory  discharge  of  stretch  receptors  is 
controlled  by  passive  stretch,  by  motor  nerve  impulses  activating  the  muscle  elements  of  the 
receptor  and  by  nerve  inhibitory  action.  The  cell  body  of  the  sensory  neuron,  situated  in  the 
periphery,  sends  dendrites  into  the  muscle  elements.  Contraction  or  stretch  of  the  receptor 
muscle  causes  excitation  of  the  dendrites.  By  recording  with  intracellular  electrodes  from  the 
nerve  cell  many  events  leading  up  to  excitation  were  analyzed.  By  stretch  deformation  the 
dendrites  become  depolarized  and  thus  they  serve  as  generators  for  the  subsequent  events 
in  the  nerve  cell.  The  generator  potential  within  the  dendrites  is  transmitted  electrotonically 
to  the  adjoining  cell  body  which  fires  propagated  nerve  impulses  at  a  critical  level  of  its 
membrane  potential.  The  dendrite  potentials  are  graded  dependent  on  the  extent  of  stretch 
and  accordingly  they  "drive"  the  discharge  in  the  adjacent  cell  body  at  different  rates.  Some 
receptor  neurons  adapt  quickly  and  thus  serve  to  register  transient  tension  changes,  while  others 
adapt  slowly  and  discharge  for  the  entire  duration  of  stretch.  It  is  noteworthy,  however,  that 
in  both  neurons  the  level  of  the  membrane  potential  in  the  cell  body  of  the  sensory  neuron 
reflects  faithfully  the  changes  in  the  "generator"  located  in  the  nearby  dendrites.  Thus  the 
level  of  the  cell  membrane  potential  can  be  "set"  for  long  periods  and  thereby  the  excitability 
of  the  cell  is  adjusted.  The  dendrite-nerve  cell  system  resembles  an  electrical  transducer  and 
by  recording  the  membrane  potentials,  minute  contractile  changes  in  the  receptor  have  been 
detected. 

Inhibitory  activity  in  shujle  cell  synapses.     C.  EYZAGUIRRE  AND  S.  W.  KUFFLER. 

The  sensory  neuron  of  the  lobster  stretch  receptor  makes  contact  with  the  contractile 
receptor  elements  through  dendritic  processes.  These  dendrites  also  carry  synapses  from 
"accessory"  fibers  (Alexandrowicz).  These  fibers  have  now  been  identified  as  inhibitory  and 
some  of  the  mechanisms  of  inhibitimi  have  been  studied.  The  action  of  inhibitory  synapses 
directly  affects  the  "generator"  potential  in  the  dendrites  and  thus  indirectly  controls  the 
excitability  of  the  adjacent  cell  body  and  the  discharges  of  the  sensory  neuron.  Inhibitory 
impulses  cause  potential  changes  which  depend  on  the  level  of  the  membrane  potentials 
(M.I'.).  If  the  M.P.  level  is  reduced  by  a  constant  stretch,  inhibitory  nerve  impulses  will 
repolarize  it;  in  the  absence  of  stretch  with  the  M.P.  near  its  "resting"  state,  inhibition  may  cause 
no  <!<;<  table  hyperpolarization,  but  may  even  set  up  a  small  depolarization.  The  main  in- 
hibit' .1  tion,  therefore,  appears  to  consist  in  driving  the  membrane  potential  of  a  cell 
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towards  its  "equilibrium"  level.  The  effect  of  each  inhibitory  impulse,  reflected  in  the  mem- 
brane change,  rises  to  its  peak  in  a  few  msec,  and  decays  in  about  30  msec.  Inhibitory  ac- 
tivity can  stop  the  sensory  discharges  in  spite  of  strong  stretch  on  the  receptor,  by  first  re- 
polarizing  the  cell  membrane  and  then  "holding"  or  "stabilizing"  it,  thus  preventing  depolariza- 
tion and  excitation.  The  antidromic  spread  of  a  nerve  impulse  into  the  nerve  cell  may  also 
be  prevented  by  inhibition,  but  it  is  thought  that  this  occurs  only  when  the  safety  margin  of 
propagation  near  the  axon-soma  boundary  is  low.  These  results  are  closely  related  to  those 
of  Katz  and  Fatt  on  crustacean  nerve-muscle  junctions  and  to  those  of  Eccles  and  collaborators 
on  the  cat's  spinal  motor  neuron. 

Parasites  in  starved  guts  in  well-nourished  hosts.     CHAUNCEY  G.  GooocHiLD.1 

Relative  dependence  of  gut  parasites  on  food  absorbed  from  the  lumen  as  contrasted  to 
food  absorbed  from  the  mucosa  are  unanswered  questions  of  fundamental  importance  in 
parasitology.  The  rationale  and  operative  procedure  of  the  preliminary  technique  herein  re- 
ported had  been  perfected  before  an  identical  procedure  used  in  hormone  studies,  the  so-called 
Thiry-Vella  fistula,  was  discovered.  Fourteen  white  rats,  under  ether  anesthesia  and  after  24 
hours  starvation,  had  2-cm.  incisions  made  through  the  integument  and  body  wall  of  the  lower 
right  flank.  The  small  intestine  \vas  pulled  through  the  opening  and  an  8-15  cm.  section,  with 
mesentery  intact,  was  cut  free.  The  intestine  was  then  rejoined  and  the  ends  of  the  isolated 
section  sewed  at  the  ends  of  the  incision.  After  48  hours  the  animals  were  again  given  food 
and  water.  The  U-shaped  fistula  was  flushed  periodically  with  mammalian  Ringer's  until 
healing  had  occurred  in  approximately  5-7  days.  One  or  two  tapeworms,  Hymcnolcpis 
diminuta,  from  donor  white  rats,  were  then  implanted,  in  mammalian  Ringer's,  deep  into  the 
fistula  by  means  of  a  flexible  polyethylene  tube  of  proper  bore.  The  parasites  established 
themselves  and  survived  in  some  hosts  without  exogenous  food  for  3  days.  This  technique, 
for  the  first  time,  permits  placing  gut  parasites  in  starved  guts,  but  in  well-nourished  hosts. 
It  should  also  permit  sterilizing  the  fistula  with  suitable  antibiotics  and  administration  of 
selected  metabolites  to  determine  relative  dependence  of  many  gut  helminths,  without  microbial 
contaminants,  on  absorption  from  lumen  as  contrasted  to  absorption  directly  from  the  mucosa 
of  the  host. 

The  effect  of  insulin  on  the  respiration  of  the  sponge,  Microciona  prolifera.     E.  E. 
GORDON  AND  MELVIN  SPIEGEL. 

It  was  shown  by  Krebs  and  Eggleston  (1938),  using  a  pigeon  liver  suspension,  that 
insulin  could  effect  an  increase  in  O2  uptake.  We  have  been  able  to  demonstrate  this  action 
of  insulin  on  an  invertebrate — the  sponge,  Microciona  prolifera. 

O2  consumption  was  measured  by  the  conventional  Warburg  technique.  Apical  portions 
of  sponge  were  cut  into  2-5  mm.  pieces,  allowed  to  dry  for  approximately  two  minutes  on 
absorbent  paper  and  weighed.  Either  K  pyruvate  (0.001  M),  glucose  (0.0056  M),  or  Nas 
citrate  (0.001  M)  in  sea  water  was  used  as  substrate.  Experiments  were  also  performed 
without  added  substrate.  Four  units  of  regular  insulin  (Iletin,  Lilly)  containing  0.2%  phenol 
as  preservative  were  added  to  each  of  the  appropriate  vessels.  As  controls,  distilled  water 
or  0.2%  phenol  was  added  in  place  of  insulin.  The  vessels  were  incubated  for  two  or  three 
hours  at  37.2°  C.  in  an  air  atmosphere.  At  the  end  of  this  period,  aliquots  of  the  medium  were 
removed  for  chemical  determination. 

In  the  presence  of  insulin,  O2  uptake  is  increased  an  average  of  16%.  Controls  utilized  an 
average  of  0.116  /4.  O2/mg.  wet  wt./hr.  With  added  insulin  the  average  O2  uptake  is  increased 
to  0.134  M. /mg.  wet  wt./hr.  Neither  phenol,  in  concentrations  present  in  the  commercial  insulin, 
nor  any  of  the  added  substrates  had  an  effect  on  Oa  utilization.  No  significant  utilization  of  any 
added  substrate  by  control  and  insulin-incubated  preparations  was  detected.  Determination  of 
keto  acids  in  the  pyruvate-incubated  preparations  revealed  a  production  of  these  acids. 

1  This  investigation  was  supported  by  a  grant  from  the  McCandless  fund  of  Emory  Uni- 
versity. 
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The  carbohydrate  metabolism  of  the  slime  mold,  Dictyostelium  discoideum,  during 
development.1     JA.MKS  H.  GREGG  AND  RUTH  D.  BRONSWEIG. 

The  slime  mold,  Dictyostelium  discoideum,  derives  its  energy  solely  from  an  endogenous 
food  supply  during  morphogenesis.  During  the  transformation  from  the  migrating  pseudo- 
plasmodin  to  the  mature  sorocarps  certain  nitrogenous  components  are  utilized.  It  was  of 
interest  to  investigate  the  role  of  the  carbohydrates  during  morphogenesis,  not  only  from  the 
standpoint  of  determining  the  amount  of  energy-yielding  substrate  utilized  but  also  to  determine 
the  source  of  the  extracellular  cellulose  which  is  deposited  around  the  stalk  and  spore  cells 
of  the  mature  sorocarp. 

The  dry  weights  of  the  slime  mold  amoebae,  migrating  pseudo-plasmodia,  mature  soro- 
carps, spores  and  stalks  were  determined  by  weighing  on  a  quartz  helical  balance.  The  tissues 
were  then  analyzed  for  total  reducing  substances  which  were  assumed  to  be  primarily  reducing 
carbohydrates.  The  total  reducing  substances/dry  wt.  show  a  consistent  increase  from  the 
vegetative  amoebae  to  the  mature  sorocarps.  The  stalk  component  of  the  mature  sorocarps 
showed  a  greater  increase  in  total  reducing  substances  than  the  spores.  The  increases  in 
total  reducing  substances/dry  wt.  may  reflect  a  possible  loss  in  dry  weight  which  might  occur 
during  the  development  of  the  slime  mold.  However,  it  seems  clear  from  the  data  that  protein 
is  the  ultimate  major  substrate  utilized  for  purposes  of  obtaining  energy  and  satisfying  other 
morphogenetic  requests  rather  than  the  carbohydrates. 

Electrical  and  mechanical  manifestations  of  muscle  activity  caused  by  rapid  cooling. 

RlTA  GUTTMAN  AND   MlLTON   M.   GROSS. 

The  anterior  byssus  retractor  muscle  of  Alytilits  cditlis,  previously  potentiated  with  po- 
tassium (from  39  to  91  millimols  KC1  added  to  sea  water),  was  subjected  to  rapid  cooling. 
The  potential  difference  between  one  end  of  the  muscle  immersed  in  0.26  M  KC1  and  the  other 
experimental  end  of  the  muscle  was  measured  by  means  of  a  galvanometer  used  as  a  null 
point  instrument.  Virtually  isometric  contractions  were  recorded  on  a  kymograph.  De- 
polarization occurs  on  rapid  cooling,  the  degree  of  depolarization  depending  upon  the  amount 
of  cooling.  Contractions  occur  whenever  the  cooling  is  rapid  and  the  amount  of  depolarization 
exceeds  a  critical  threshhokl  value.  If  the  cooling  is  gradual,  the  amount  of  depolarization 
is  about  the  same,  but  no  contraction  occurs.  After  the  action  potential  has  been  initiated  by 
rapid  cooling  (from  about  22°  C.  to  2°  C.),  recovery  occurs  in  about  80  minutes,  if  the  cold 
temperature  is  maintained.  This  recovery  consists  of  a  return  to  a  steady  state  with  a  P.D. 
about  50%  of  the  original  value. 

Chanycs  in  the  protoplasm  during  maturation.-     L.  V '.  HEILBRUNN  AND  WALTER 
L.  WILSON. 

It  has  long  been  known  that  the  protoplasm  of  eggs  in  the  germinal  vesicle  stage  is  more 
viscous  than  it  is  after  the  germinal  vesicle  breaks  down,  and  it  has  generally  been  assumed 
that  the  liquefaction  of  the  protoplasm  following  germinal  vesicle  breakdown  is  due  to  the 
release  of  substances  from  this  structure.  In  Chaetopterus  eggs,  germinal  vesicle  breakdown  is 
induced  by  the  entrance  of  the  eggs  into  sea  water.  Goldstein  in  1953  showed  that  as  the  eggs 
left  the  ovary  and  entered  sea  water,  the  protoplasm  of  the  cortex  became  less  rigid.  Calcium 
is  apparently  released,  and  this  calcium  activates  a  proteolytic  enzyme  system.  Such  a  protease 
might  clot  the  protoplasm  and  it  might  also  liquefy  the  protoplasm  by  dissolving  some  viscous 
constitutent  of  it.  Actually,  in  the  Chaetopterus  egg  it  does  both.  The  entrance  of  the  egg 
into  sea  water  is  immediately  followed  by  a  sharp  increase  in  protoplasmic  viscosity.  At  21°, 
the  time  relations  are  as  follows.  Within  30  seconds  after  the  eggs  enter  sea  water  the 
viscosity  doubles,  but  this  increase  is  very  transitory,  for  one  minute  after  the  eggs  have  entered 

1  This  investigation  was  supported  in  part  by  a  research  grant  G-3616  (C)  from  the 
National  Institutes  of  Health,  Public  Health  Service. 

-  'I  his  investigation  was  supported  by  a  research  grant  from  the  National  Cancer  Institute, 
National  Institutes  of  Health,  Public  Health  Service,  administered  by  L.  V.  Heilbrunn. 
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the  sea  water  the  viscosity  is  approximately  the  same  as  in  the  ovarian  egg.  From  then  on  the 
viscosity  drops  rapidly  so  that  5  minutes  after  the  entrance  of  the  eggs  into  sea  water  the 
viscosity  is  only  %  as  great  as  in  the  ovarian  egg.  The  germinal  vesicle  does  not  break  down 
until  7  minutes  after  the  eggs  have  entered  the  sea  water.  Thus,  apparently,  a  calcium- 
activated  protease  can  cause  both  gelation  and  liquefaction  of  protoplasm,  and  the  liquefaction 
does  not  depend  on  the  breakdown  of  the  germinal  vesicle. 

Some   properties   of   the   regenerating   limb    blastema   cells   of  salamanders.1     H. 

HOLTZER,  G.   AVERY  AND  S.   HOLTZER. 

Recent  analysis  (S.  Holtzer,  1954)  of  the  morphogenetic  mechanisms  in  tail  regeneration 
in  salamanders  suggested  that:  (1)  the  cells  of  the  regeneration  blastema  form  cartilage  pri- 
marily, the  muscle  originating  directly  from  the  muscle  of  the  stump,  and  (2)  the  regenerating 
spinal  cord  by  patterning  the  mesodermal  tissue  is  responsible  for  the  morphology  of  the  tail. 
The  following  experiments  were  designed  to  ascertain  whether  (a)  cells  of  the  salamander  limb 
blastema  likewise  differentiated  primarily  into  cartilage  and  (b)  the  mesodermal  tissues  of  the 
limb  were  responsive  to  the  patterning  effects  of  the  spinal  cord. 

Clusters  of  3  or  4,  9-day  limb  blastemata  were  introduced  into  tunnels  in  the  dorsal  fin  of 
a  salamander  host  and  allowed  to  remain  for  two  weeks.  The  blastemata  fused,  grew  and 
eventually  formed  large  masses  of  organized  cartilage.  Long  bones,  metacarpals,  phalanges 
and  joints  could  be  observed.  No  differentiated  muscle  fibers  were  present.  Thus  limb  blastema 
cells  grown  under  quasi-tissue  culture  conditions  differentiated  primarily  into  cartilage. 

The  following  preparation  served  to  test  the  reactivity  of  the  limb  mesoderm  to  the 
action  of  the  spinal  cord.  The  humerus  was  removed  and  a  piece  of  spinal  cord  of  similar 
length  substituted.  Following  a  two-week  healing  period,  the  limb  was  amputated  through 
the  graft.  Though  many  bizzare  structures  regenerated,  for  the  most  part  they  were  clearly 
limb-like.  In  addition  to  generalized  enlargement  of  the  regenerated  tissue,  often  projections 
consisting  of  epidermis  and  a  cell-sparse  connective  tissue  formed.  These  were  strikingly  similar 
to  fin  tissue  and  probably  attributable  to  the  activity  of  residual  neural  crest  derivatives  in- 
cluded with  the  spinal  cord.  Failure  to  observe  tail  structures  (e.g.,  segmented  muscles, 
vertebral  cartilages,  etc.)  in  these  experiments  suggests  the  spinal  cord  is  incapable  of:  (1) 
modeling  limb  mesoderm  in  a  fashion  analogous  to  its  action  on  trunk  mesoderm,  and  (2) 
inducing  vertebral  cartilages  from  limb  mesoderm. 

The  inductive  role  of  the  spinal  cord  in  tail  regeneration  in  the  salamander.1     SYBIL 
HOLTZER. 

Though  parallels  between  embryogenesis  and  regeneration  have  been  pointed  out,  the 
phenomenon  of  induction  has  never  been  included  in  such  a  list.  Analysis  of  tail  regeneration 
in  the  salamander  indicates  that  induction  is  truly  a  component  of  that  process  and  can  be  shown 
to  operate  in  a  variety  of  experimental  situations.  In  this  particular  system  the  spinal  cord 
serves  as  inductor  while  the  somitic  mesoderm  responds.  The  interactions  between  the  two 
are  as  follows :  In  normal  tail  regeneration  the  notochord  does  not  regenerate ;  rather,  di- 
rectly below  the  motor  surface  of  the  spinal  cord,  appear  segmented  cartilages,  the  centra, 
which  later  develop  neural  and  haemal  arches.  That  such  cartilages  are  not  derived  from 
notochordal  cells  is  shown  by  the  fact  that  they  may  be  obtained  by  (a)  amputation  of  cord- 
muscle  deplants  into  the  dorsal  fin,  (b)  grafting  of  nerve  cord  directly  under  the  skin  of  flank 
and  tail,  (c)  displacement  of  nerve  cord  to  a  more  dorsal  position  in  the  midline.  No  centra 
are  produced  by  amputated  deplants  of  notochord  or  notochord  and  muscle  in  the  dorsal  fin. 

It  is  to  be  emphasized  that  the  centra  form  only  along  the  motor  surface  of  the  spinal 
cord,  regardless  of  the  D-V  orientation  of  the  latter  with  respect  to  the  muscle.  Presumably 
the  cartilage  promoting  activity  resides  exclusively  in  the  motor  half  of  the  spinal  cord. 

Other  results  indicate  that  the  muscle  in  the  regenerated  tail  buds  off  from  that  in  the 
stump,  unilateral  deficiencies  there  being  preserved  in  the  regenerate.  Muscle  will  regenerate  a 

1  Supported  by  a  U.S.P.H.  and  a  Woods  Hole-O.N.R.  grant. 
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limited  amount  in  the  absence  of  nerve  cord  but  will  form  no  cartilage.  Contrary  to  previous 
reports  tail  and  limb  regeneration  systems  are  comparable  in  that  both  can  regenerate  skeletal 
elements  though  such  elements  are  absent  in  the  stump. 

Ecolog\  of  the  intcrtidal  fauna  of  the   Woods  Hole  region.     ROBERT   STEARNS 
HOWARD. 

\i  ( iansett  Beach  in  Woods  Hole,  Massachusetts,  the  amphipod  Orchcstia  is  the  most 
abundant  macroscopic  organism  at  the  low-tide  mark.  Its  dark-brown  color  provides  camouflage 
in  the  wet  sand.  Lip-beach,  the  whitish  Talorchcstia  replaces  Orchcstia,  its  color  likewise 
offering  camouflage  in  the  dry  sand.  Along  rocky  or  sandy  shores,  the  green  crab  Carclnidcs 
is  the  dominant  organism,  being  replaced  in  muddy  areas  by  the  mud  crab  Ncopanope. 
Halacarid  mites,  nereid  annelids,  the  gastropod  Littorina,  the  barnacle  Balanus,  the  pelecypods 
M  \tilus  (in  rocky  areas)  and  Brachidontcs  (in  muddier  areas)  are  abundant  at  the  low-tide 
mark.  These  apparently  require  submersion  most  of  the  time.  Up-beach  (or  higher  on 
rocks  in  the  same  area),  the  barnacle  Balanus  (with  porous  plates)  is  replaced  by  Chthamalus 
(with  non-porous  plates).  Between  the  high-  and  low-tide  lines  is  a  narrow  band  (often  less 
than  three  feet  wide)  where  pseudo-scorpions  (Psclaphochcrncs?)  occur.  Here  the  collembolan 
Aniirida  (found  also  nearer  to  or  walking  on  the  water)  is  found  in  abundance  under  rocks. 
Trombidiid  mites,  pseudoscorpions,  and  the  pselaphid  beetle  Brachyghita  hiniger  feed  on  the 
collembolans  here.  The  collembolans  feed  on  detritus.  Farther  back  (ca.  18  feet  from  the 
low -tide  mark),  only  gammarid  crustaceans  are  found.  Four  feet  back  (ca.  22  feet  from  the 
water),  the  seaside  earwig  Anisolabis  maritima  is  found  along  with  the  gammarids.  Four  feet 
farther  back  (ca.  26  feet  from  the  water),  a  few  typically  inland  terrestrial  forms  appear,  such 
as  millipedes,  centipedes,  etc.  The  earwig  Anisolabis  is  abundant  from  this  region  to  the 
drift  line,  but  is  not  found  farther  back. 

Comparative  ecology  and  behavior  of  two  sympatric  caru'igs,  Forficula  auricnlaria 
Linnaeus  and  Anisolabis  maritima  (Gene}.     ROBERT  STEARNS  HOWARD. 

Though  sympatric,  the  European  earwig  Forficula  auricnlaria  Linnaeus  and  the  seaside 
earwig  Anisolabis  maritima  (Gene)  are  separated  ecologically.  Anisolabis  is  restricted  to  the 
intertidal  zone ;  Forficula  is  never  found  there,  though  a  distance  of  only  ten  feet  may  separate 
the  two.  Anisolabis  lives  among  the  pebbles  and  debris  near  the  high-tide  mark.  Forficula 
is  most  abundant  where  thick  sod  abuts  a  solid  surface.  Anisolabis  is  highly  cannibalistic  even 
when  food  is  abundant.  I'orficula  may  eat  live  insects  (and  even  fight  over  them),  but  it 
displays  no  cannibalism.  In  Forficula,  there  are  two  morphological  types  of  males,  the  "regular"' 
type  and  the  forcipata  type  with  greatly  enlarged  forceps  (over  twice  the  size  of  the  "regular" 
forceps)  ;  317  (45%)  of  702  males  examined  were  of  the  forcipata  type.  Both  types  were 
found  in  all  aggregations  examined.  Trios  (one  female,  one  "regular"  male  and  one  forcipata 
male)  tested  for  dominance  and  subordination  proved  the  forcipata  dominant  in  36  (64%)  of 
56  cases  where  dominance  was  demonstrated ;  46  additional  cases  were  inconclusive.  In  both 
species,  the  forceps  are  used  in  fighting,  threatening,  defense,  courting  and  copulation.  For- 
fi cula  uses  the  forceps  also  to  help  fold  the  flying  wings  under  the  tegmina.  Anisolabis  is 
wingless.  In  Anisolabis  the  female  always  dominated  the  (somewhat  smaller)  male.  In 
I'orficula,  the  sexes  are  about  equal  in  size,  and  neither  sex  dominated.  The  only  regular 
domination  displayed  was  of  the  forcipata  type  over  the  regular  type  of  male. 

A  case  of  apparent  physiological  competition  betivecn  clliylene  glycol  and  glycerol. 
M.  H.  JACOBS. 

Evidence  has  been  given  elsewhere  that  the  entrance  of  glycerol  into  the  erythrocytes  of 
man  and  several  other  mammals  takes  place  by  two  processes  :  ( 1 )  a  relatively  slow  one  of 
simple  diffusion  through  widespread  non-specialized  pathways,  as  in  other  cells,  and  (2)  a 
rapid  one,  apparently  limited  to  small  specialized  portions  of  the  surfaces  of  the  erythrocytes 
in  question.  The  rapid  process  can  be  revcrsibly  inhibited  by  moderate  acidity,  traces  of 
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copper,  and  other  agents  that  have  little  effect  on  the  slower  one.  The  2-carbon  homologue 
of  glycerol,  ethylene  glycol,  enters  all  cells  so  far  studied  with  great  ease,  presumably  by  simple 
diffusion.  Studies  of  permeability  constants,  however,  have  shown  that  in  erythrocytes  possess- 
ing the  rapid  mechanism  for  glycerol  the  rate  of  entrance  of  ethylene  glycol  also  tends  to  be 
more  rapid  than  in  the  case  of  other  cells,  and  further  that  this  "extra"  rapidity,  like  that  of 
glycerol,  is  sensitive  to  acidity  and  traces  of  copper.  The  following  observations  seem  to 
suggest  that  ethylene  glycol  can  successfully  compete  with  glycerol  for  the  "rapid"  pathway. 
(  1 )  In  the  presence  of  ethylene  glycol  the  entrance  of  glycerol  into  human  erythrocytes  may 
be  greatly  slowed.  (2)  The  same  and  even  higher  concentrations  of  ethylene  glycol  have  little 
effect  on  the  entrance  of  substances  believed  to  follow  unspecialized  pathways  (thiourea, 
diethylene  glycol,  triethylene  glycol)  or  specialized  pathways  different  from  those  used  by 
glycerol  (anions).  (3)  Ethylene  glycol  does  not  slow  the  entrance  of  glycerol  into  beef 
erythrocytes,  which  lack  the  fast  process.  (4)  Ethylene  glycol  has  little  or  no  retarding  effect 
on  the  entrance  of  glycerol  by  the  slow  process  into  human  erythrocytes  in  which  the  fast 
one  has  been  inhibited  by  acidity  or  copper. 

Valence  changes  in  the  o.vygcnation  of  hemerythrin.     I.  M.  KLOTZ,  R.  A.  RESNIK 
AND  T.  A.  KLOTZ. 

By  analog}-  with  hemoglobin  it  is  generally  assumed  that  the  iron  in  hemerythrin  is  in  the 
ferrous  state,  both  in  the  deoxygenated  and  oxygenated  forms.  This  view  has  been  strengthened 
by  the  observation  (Marrian,  1927;  Florkin,  1933;  Roche,  1933)  that  oxidizing  agents,  which 
presumably  transform  the  iron  into  the  ferric  state,  convert  hemerythrin  into  methemerythrin 
which  no  longer  combines  with  oxygen.  Since  oxidizing  agents  give  misleading  results,  how- 
ever, as  regards  the  state  of  copper  in  hemocyanin,  some  doubt  is  raised  as  to  the  significance 
of  similar  experiments  with  hemerythrin.  Furthermore,  the  effects  of  oxidizing  agents  give 
no  insight  into  the  status  of  the  metal  in  oxyhemerythrin. 

The  status  of  the  iron  has  now  been  established  as  follows.  A  solution  of  crystalline 
hemerythrin  in  sea  water  and  one  of  0r//;o-phenanthroline  in  glacial  acetic  acid  are  deoxygenated 
by  bubbling  with  purified  nitrogen.  The  two  solutions  are  then  mixed  under  nitrogen.  For 
oxyhemerythrin  the  same  solutions  are  used,  but  they  are  kept  exposed  to  air.  When  ferrous 
ion  is  present,  a  pink-colored,  iron-phenanthroline  complex  forms  slowly ;  ferric  ion  produces 
no  color  at  all. 

With  oxyhemerythrin,  all  of  the  iron  is  released  in  the  ferric  state.  With  deoxygenated 
hemerythrin  almost  all  of  the  iron  is  in  the  ferrous  state;  approximately  25%  may  be  in  the  ferric 
form.  It  is  possible,  however,  that  this  small  fraction  of  ferric  ion  is  contributed  by  biologically 
inactive  protein,  for  hemerythrin  which  has  been  allowed  to  stand  at  room  temperature  in  air 
for  several  days,  until  it  loses  its  capacity  to  combine  with  oxygen,  shows  only  ferric  ion 
even  in  the  absence  of  oxygen. 

It  becomes  apparent,  therefore,  that  unlike  hemoglobin,  hemerythrin  actually  undergoes  a 
change  in  the  valence  state  of  its  iron  in  the  oxygenation  reaction. 

Activity  of  glucose-6-phosphate  and  6-phosphogluconate  dehydrogenases  in  relation 
to  glycolytic  enzymes  of  Arbacia  eggs.  M.  E.  KRAHL,  A.  K.  KELTCH,  C.  P. 
WALTERS  AND  G.  H.  A.  CLOWES. 

Glucose-6-phosphate  (GP)  and  6-phosphogluconate  (PG)  dehydrogenases  of  Arbacia 
eggs  were  determined  from  rates  of  triphosphopyridine  nucleotide  (TPN)  reduction  at  23°  C. 
in  the  Beckman  spectrophotometer  at  340  nv*.  Egg  fractions  were  obtained  as  previously 
described.  Final  concentrations  in  the  test  system  were :  KC1,  0.08  M ;  glycylglycine,  0.025  M ; 
MgCk  0.03  M;  TPN,  0.00005  M;  egg  protein,  0.1-1  mg. ;  substrate,  as  desired;  total  volume, 
2-3  ml.  Rates  are  average  values  for  the  first  two  minutes  after  substrate  addition  and  refer 
to  the  extract  from  one  gram  eggs.  At  0.001  M  GP,  the  rate  of  TPN  reduction  by  the  homog- 
enate  of  unfertilized  or  30-minute  fertilized  eggs  was  2.5-3.5  micromoles  per  minute,  enough  to 
support  a  rate  of  oxygen  consumption  25  times  that  observed  for  unfertilized,  and  6  times  that 
for  fertilized,  eggs  ;  95  per  cent  of  this  activity  was  recovered  in  the  supernatant  fraction  after 


316          PAPERS  PRESENTED  AT  MARINE  BIOLOGICAL  LABORATORY 

centrifuging  at  20,000  g  for  30  minutes.  With  the  supernatant  fraction  the  concentrations  of 
GP  and  PG  for  half  maximal  activity  were  each  approximately  0.00004  M  for  the  respective 
enzymes.  Maximal  activity  with  PG  as  substrate  was  50-60  per  cent  of  that  with  GP.  During 
oxidation  of  GP  by  the  supernatant  fraction  of  unfertilized  eggs  the  pentose  formed  was  at  a 
rate  0.3-0.5  that  of  TPN  reduction.  Rates  of  TPN  reduction  with  other  substrates  at  0.001  M 
were:  glucose-1-phosphate,  0.4;  fructose-6-phosphate,  2.6;  fructose-l,6-diphosphate,  0.8,  in- 
dicating presence  of  phosphoglucomutase,  isomerase,  and  a  fructose-l,6-diphosphatase,  respec- 
tively. Reduction  of  diphosphopyridine  nucleotide  in  presence  of  fructose-l,6-diphosphate  and 
adenosine  diphosphate  was  0.1-0.2  micromoles  per  minute,  indicating  that  the  glycolytic  path- 
way over  aldolase  and  oxidizing  enzyme  can  metabolize  GP  at  about  5  per  cent  the  rate  at 
which  it  can  be  oxidized  by  the  TPN  system  derived  from  unfertilized  or  fertilized  Arbacia  eggs. 

The  effect  oj  cortisone  and  of  corticotropin  (ACTH}  on  the  rate  of  cell  division.* 
VALY  MENKIN  AND  MAX  PEPPER. 

Earlier  studies  by  one  of  us  (V.  M.)  have  indicated  that  previous  to  fertilization,  exposure 
of  Arbacia  punctidata  ova  to  cortisone  and  ACTH  reduces  the  incidence  of  cell  division. 
Cortisone  acetate  administered  30  to  40  minutes  after  fertilization  delays  the  rate  of  cleavage. 
The  delay  seems  proportional  to  the  actual  concentration  of  the  corticosteroid  used.  The 
amounts  employed  varied  from  0.5  mg.  to  2.5  mg.  per  10  cc.  of  sea  water.  There  follows 
within  the  first  hour  and  a  half  a  delay  in  the  rate  of  cleavage  ranging  from  20%  to  41%  in 
the  appearance  of  the  3^4-  (or  over)  blastomeric  stage.  When  the  corticosteroid  was  added 
1-10  minutes  following  fertilization,  the  effect  was  even  more  marked,  the  delay  being  70%  in 
the  series  studied.  The  use  of  a  soluble  salt  of  sodium  cortisone  phosphate  (courtesy  of  Dr. 
W.  Umbreit,  Merck  Co.),  several  minutes  after  fertilization,  in  concentrations  of  7-10  mg.  like- 
wise delayed  the  cleavage  in  6  experiments  to  an  average  of  39%.  On  the  following  day  the 
controls  usually  displayed  free  swimming  plutei  larvae,  whereas  the  experimental  ova,  as  a 
rule,  manifested  a  definite  retardation  in  the  development  of  their  plutei.  Testosterone  pro- 
pionate  (2.5-5  mg.)  as  a  control  steroid  failed  to  induce  any  appreciable  delay  in  cleavage, 
the  average  retardation  being  only  12.2%.  ACTH  (Armour)  yielded  the  same  type  of  results 
as  cortisone.  Doses  of  4-10  mg.  per  10  cc.  of  sea  water  delayed  the  rate  to  the  3-4  blastomere 
stage  by  an  average  of  63%.  The  delayed  effect  on  the  development  of  plutei  with  the  use  of 
ACTH  was  also  observed,  just  as  in  the  case  of  cortisone. 

The   effect   of   cortisone   on   cellular   permeability.1     VALY    MENKIN    AND    MAX 
PEPPER. 

The  decrease  in  capillary  permeability  in  inflammation  induced  by  cortisone  is  well  known 
(Menkin,  1940,  1942).  Previous  investigators  have  reported  no  striking  changes  in  the  ap- 
pearance of  marine  eggs  exposed  to  cortisone.  Is  the  rate  of  penetration  of  water  in  the  ova 
of  Arbacia  piiiictnlata  decreased  by  transferring  the  eggs  to  hypotonic  sea  water?  The 
diameter  of  spherical  ova  was  determined  by  an  ocular  micrometer.  The  eggs  were  then  trans- 
ferred to  50%  sea  water.  The  diameter  of  the  ova  was  then  measured  at  rapid  successive 
intervals  for  20-25  minutes.  In  each  experiment  40-50  ova  were  measured.  The  same  pro- 
cedure was  repeated  with  the  addition  of  one  mg.  of  cortisone  acetate  (Merck)  in  10  cc.  of 
sea  water.  In  one  observation  2.5  mg.  of  the  corticosteroid  was  utilized.  Overcrowding  of 
ova  was  avoided  in  order  to  bring  the  suspended  cortisone  in  as  close  contact  with  the  ova  as 
possible.  The  preliminary  period  of  exposure  to  the  corticosteroid  prior  to  transfer  to  50% 
sea  water  ranged  from  22  to  over  45  minutes.  The  ova  were  studied  at  a  magnification  of 
440  X.  The  diameter  of  the  ova  exposed  to  cortisone  per  sc  tended  usually  to  show  a  very 
slight  increase  in  size.  Subsequent  to  their  transfer  to  50%>  sea  water  there  followed  a  de- 
crease in  the  rate  of  expansion  of  the  eggs.  This,  although  not  invariably,  occurred  in  the  first 
few  minutes  after  transfer.  The  average  decrease  in  the  expansion  of  the  eggs  in  6  separate 

1  Aided  by  a  grant  from  the  U.   S.   Public   Health   Service,  and  by  a  grant  from   Dr.   A. 
Wander,  S.A.,  I'ernc,  Switzerland. 
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experiments  with  one  mg.  concentration  of  cortisone  acetate  was  34%.  In  the  additional  ex- 
periment involving  2.5  mg.  of  cortisone,  the  decrease  was  48%.  These  data  are  interpreted 
as  an  indication  that  cortisone  acetate  decreases  somewhat,  but  definitely  and  consistently,  the 
permeability  of  sea  urchin  ova  to  water. 

The  adjuvant  action  of  dictating  agents  in  jertilizin  agglutination  of  starfish  sperm.1 
CHARLES  B.  METZ. 

Starfish  fertilizin  ordinarily  has  no  visible  effect  upon  species  sperm  but  in  the  presence  of 
an  "adjuvant"  the  fertilizin  agglutinates  the  sperm  in  a  specific  and  striking  manner.  Animal 
sera,  hen's  egg  white,  peptides  and  a  arnino  acids  were  found  to  be  effective  adjuvants  in 
earlier  studies  (Metz,  1945;  Metz  and  Donovan,  1950).  Although  these  agents  appeared  to 
act  by  exposing  more  receptors  (antifertilizin)  on  the  sperm  surface,  the  mechanism  of  this 
action  has  remained  obscure.  However,  it  seems  likely  that  the  adjuvant  effect  involves  metal 
binding  for  the  above  agents  can  bind  metals.  Furthermore,  certain  other  metal  binding  and 
chelating  agents  have  now  been  shown  to  have  adjuvant  action.  Finally,  the  adjuvant  action 
of  chelating  agents  is  inhibited  by  metal  cations. 

Chelating  agents  which  show  adjuvant  action  include  Versene  (approximately  0.01  M  in 
sea  water;  tested  on:  Astcrias  forbcsii,  Litidia  clathrata,  Patiria  iiiiniata)  and  8-hydroxyquino- 
line  (saturated  solution  in  sea  water;  Asterias,  Luidia).  However,  citrate  (0.5  M)  proved 
to  be  ineffective.  Other  effective  metal  binding  or  precipitating  agents  are  thioglycolate 
(0.05  M  in  sea  water;  Luidia,  Patiria)  and  hydrogen  sulfide  (saturated  solution  in  sea  water; 
Luidia}.  The  adjuvant  action  of  Yersene  is  inhibited  by  Ni++  (Patiria)  ;  the  similar  action  of 
8-hydroxyquinoline  is  inhibited  by  Co++  and  Cu++  but  not  by  Ca++  (0.5  M). 

These  observations  in  conjunction  with  the  earlier  studies  suggest  that  most  of  the  sperm 
surface  receptors  (antifertilizin)  are  blocked  by  metal  cations  and  are  unavailable  for  com- 
bination with  fertilizin.  In  the  presence  of  the  appropriate  metal  binding  agent  (adjuvant)  the 
metal  cations  are  removed,  thereby  freeing  the  receptors  for  combination  with  fertilizin.  Under 
appropriate  conditions  this  combination  results  in  agglutination.  This  view  further  implies  that 
the  sperm  surface  receptors  have  metal  binding  properties.  Sulfhydryl  groups,  a  amino  acid 
or  other  chelating  structures  may  be  essential  parts  of  these  receptors. 

Reversible  clotting  in  Spirogyra.     W.  J.  V.  OSTERHOUT. 

When  cells  of  Spirogyra  are  placed  in  0.1  per  cent  duponol  solution  (chiefly  sodium  lauryl 
sulfate)  which  kills  the  cell,  the  chlorophyll  leaves  the  chloroplasts  and  a  green  solution  fills 
the  cell.  The  green  color  diffuses  out  when  the  cell  is  cut  in  water. 

When  the  intact  cells  are  transferred  from  the  duponol  to  a  dilute  lugol  solution  (KI 
+  I2)  the  contents  of  the  cell  become  dark  and  shrink  to  a  stiff  gel  forming  a  cylindrical  mass 
in  the  center  surrounded  by  a  colorless  liquid.  When  the  cell  is  cut  in  water  the  stiff  gel  comes 
out  and  maintains  its  form. 

The  shrinkage  in  the  intact  cell  is  not  reversible  when  the  cells  are  transferred  from  the 
lugol  solution  to  water  or  to  buffer  solutions  at  various  pH  values  but  it  is  reversible  when  the 
cells  are  transferred  back  to  0.1  per  cent  duponol.  The  stiff  gel  disappears  and  the  cell  is 
again  filled  with  the  green  solution. 

This  may  be  repeated  many  times. 

If  iodine  is  omitted  the  shrinkage  occurs  more  slowly  but  it  is  reversible  in  duponol. 

If  cells  are  placed  first  in  lugol  solution  and  then  in  duponol  there  is  little  or  no  shrinkage. 

Shrinkage  occurs  in  lugol  solution  with  cells  that  have  been  left  standing  in  0.1  per  cent 
duponol  from  a  few  minutes  to  several  weeks. 

If  cells  are  first  exposed  to  duponol  and  then  placed  in  five  per  cent  trichloroacetic  acid 
the  shrinkage  occurs  until  a  rounded  green  mass  containing  colorless  areas  is  formed.  Small 
green  rounded  bodies  appear  in  the  rest  of  the  cell.  \Vhen  the  cells  are  transferred  to  duponol 
these  structures  disappear  and  the  cell  again  shows  a  uniform  green  color. 

1  This  study  was  aided  by  grants  from  the  National  Institutes  of  Health,  U.  S.  Public 
Health  Service  and  the  American  Cancer  Society. 
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A  study  of  the  growth-  of  oysters  under  different  ecological  conditions  in  Great 
Pond.     MADELENE  E.  PIERCE  AND  J.  T.  CONOVER. 

A  study  of  the  seasonal  growth  of  oysters  under  different  ecological  conditions  was  begun 
in  Great  Pond,  Falmouth,  Massachusetts,  in  the  summer  of  1953. 

Great  Pond,  a  tidal  estuary  2.5  miles  long  and  0.5  miles  wide,  is  composed  of  one  large 
main  basin  which  divides  at  its  upper  end  into  two  narrow  arms.  One  arm  receives  the 
Coonamessett  River ;  the  other  arm,  known  as  Perch  Pond,  receives  only  a  small  creek.  At 
the  outlet  the  main  basin  opens  into  Nantucket  Sound ;  hence  the  salinity  gradient  ranges  from 
fresh  to  31  parts  per  thousand  through  a  longitudinal  section  of  the  estuary. 

On  July  1,  cages  of  two-year  old  oysters  were  placed  at  six  stations  chosen  to  include 
widely  varying  environmental  conditions.  The  investigations  were  planned  to  cover  at  least 
one  complete  year,  but  during  the  winter  most  of  the  cages  were  stolen  or  their  labels  destroyed. 
Therefore  the  growing  period  on  which  measurements  could  be  recorded  was  limited  to  an  interval 
of  10  weeks,  July  1-Sept.  9.  Measurements  of  the  length,  width,  depth,  and  volume  of  240 
oysters  were  made  at  the  beginning  and  at  the  end  of  this  period. 

During  the  year  monthly  measurements  of  important  physical  and  chemical  properties  in- 
cluded temperature,  salinity,  dissolved  oxygen,  and  pH.  During  the  limited  survey  period, 
at  the  six  stations  chosen,  bottom  temperatures  varied  from  22°-25°  C.  At  one  of  two  stations 
representing  extremes  in  seasonal  salinity  ranges,  located  one  mile  from  the  Sound,  bottom 
salinities  varied  between  29.7-30.5  parts  per  thousand,  or  0.8;  whereas  at  the  other  station,  in 
Perch  Pond,  the  range  was  12.2-26.3  parts  per  thousand,  or  14.1.  The  seasonal  oxygen  utiliza- 
tion and  CO2  production  were  particularly  high  at  the  brackish  station  in  Perch  Pond  where 
the  maximum  increase  in  growth  of  the  experimental  oysters  was  recorded.  The  salinity 
gradient  appeared  to  be  the  only  suggestive  limiting  factor  at  some  stations.  Tidal  water  ex- 
change was  very  limited  at  the  station  of  maximum  growth. 

Oysters  placed  on  muddy  substrate  died  or  showed  little  growth.  Of  those  placed  on  sand, 
oysters  living  in  the  lower  and  more  widely  varying  salinities  showed  the  most  growth. 

With  cages  attached  to  heavier  anchors  and  less  conspicuous  floats,  these  oyster  experi- 
ments are  being  continued  in  the  summer  of  1954  along  with  productivity  studies  being  made  by 
members  of  the  Woods  Hole  Oceanographic  Institute. 

Rhythms  of  0 ..-consumption  in  the  earthworm,  Lumbricns  terrcstris.     C.  L.  RALPH. 

Oxygen-consumption  of  the  earthworm,  Lumbricus  terrcstris,  was  measured  continuously 
for  three  consecutive  semilunar  periods,  April  27  to  June  9.  The  twenty-nine  day  period  from 
May  12  to  June  9,  which  was  more  fully  analyzed,  showed  a  bimodal  diurnal  variation  in  the 
rate  of  O2-consumption,  with  maxima  at  5  A.M.  and  7  P.M.  and  with  minima  at  1  P.M.  and  11  P.M. 
An  analysis  to  demonstrate  any  primary  lunar  cycle  for  the  same  period  showed  one  to  be 
present  which  exhibited  a  major  maximum  at  11  P.M.  and  a  minor  maximum  at  12  noon,  with 
minima  at  9  A.M.  and  3  P.M.  The  last  two  semilunar  periods  were  analyzed  for  diurnal  varia- 
tion and  it  was  found  that  each  showed  essentially  a  bimodal  pattern ;  the  highest  peak  of  the 
May  12  to  26  period  occurred  in  the  A.M.  and  the  highest  peak  of  the  May  26  to  June  9  period 
in  the  P.M.  Analysis  of  the  three  semilunar  periods  separately  for  a  primary  lunar  component 
showed  in  each  case  the  presence  of  a  rhythm  possessing  12.4  hour  cycles.  In  the  first  semi- 
lunar  period  maxima  were  nearly  coincidental  with  lunar  zenith  and  nadir ;  in  the  second  period 
the  maxima  preceded  these  lunar  times  by  3  or  4  hours ;  and  in  the  third  period,  the  form  of 
the  cycles  continued  to  become  altered  and  the  minima  now  were  at  the  approximate  times  of 
lunar  zenith  and  nadir. 

Chromosome  behavior  during  conjugation  of  mating  types  I  and  II  of  variety  1  of 
Tctrahymena.     CHARLES  RAY,  JR.1 

Chromosomal   behavior   of    Elliott's   mating   types   I   and    II   of   variety    1   of   Tctrahymena   ) 
pyriformis  was   studied  by  means  of  aceto-orcein-gelatin  squash  and  by   De  Lamater's   basic 
fuchsin    staining    schedule.     The    mating    types    have    a    haploid    chromosome    number    of    five. 

'Aided  by  grants  from  The  University  Center  in  Georgia  and  from  The  McCandless  Fund 
of  Emory  I'mversity. 
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Meiosis  takes  place  during  the  first  two  pre-zygotic  divisions  of  the  micronucleus.  Pairing  of 
the  homologous  chromosomes  is  accomplished  just  prior  to  or  during  the  elongation  of  the 
"crescent"  in  prophase  of  the  first  division.  Five  bivalent  chromosomes  at  diplotene  are  present 
as  the  crescent  shortens  from  its  maximum  length.  One  or  more  chiasmata  are  present  per 
bivalent.  The  five  pairs  of  chromosomes  condense  and  become  oriented  on  the  spindle.  Five 
chromosomes  are  seen  going  to  each  pole  at  first  anaphase.  The  second  meiotic  division  follows 
quickly.  Five  chromosomes  are  seen  at  metaphase  of  second  division.  After  the  completion  of 
the  second  division  only  one  of  the  four  micronuclear  products  divides  again ;  the  other  three 
nuclei  gradually  degenerate.  The  functional  nucleus  is  spindle  shaped  during  prophase  and 
located  anteriorly,  at  the  attachment  membrane.  The  haploid  number  of  five  chromosomes  is 
seen  at  third  division.  Anaphase  is  oriented  antero-posteriorly  in  the  conjugants  and  stretches 
nearly  the  length  of  the  animal.  Ten  chromosomes  are  seen  during  the  first  postzygotic  divi- 
sion of  the  synkaryon. 

Histochemical  studies  of  incscnteric  structures.     EVELYN   KIVY  ROSENBERG  AND 
JOSEPH  CASCARANO. 

Neotetrazolium  (NT),  a  water-soluble  salt  which  becomes  a  purple,  insoluble  formazan 
upon  reduction,  has  been  used  extensively  within  recent  years  as  a  histochemical  tool  for  the 
demonstration  of  dehydrogenase  activity  in  the  living  cell.  Much  work  has  been  reported  on 
the  reaction  of  parenchymatous  tissues  such  as  kidney,  adrenal,  liver  with  this  tetrazolium  salt 
but  little,  if  any,  on  small  blood  vessels,  lymphatics,  and  peripheral  nerves. 

By  the  use  of  an  osmotic,  balanced  medium  we  have  been  able  to  demonstrate  endogenously 
(in  living,  viable  tissues),  a  reaction  between  neotetrazolium  and  such  blood  vessels,  lymphatics, 
and  nerves  in  the  mouse  and  rat.  The  medium  finally  decided  upon  is  a  0.5%  NT  solution 
containing  a  modified  Krebs  formula  made  up  of  NaCl,  KC1,  CaCU,  MgSO4,  NaHCOs,  KFUPO* 
and  buffered  to  a  pH  of  7.4  with  phosphate.  The  tissues  (i.e.,  mesenteries  or  slices  of  organs) 
are  incubated  either  aerobically  or  anaerobically  for  about  three  hours  at  37°  C.  The  metabolic 
reduction  of  NT  is  halted  by  immersion  in  10%  neutral  formalin. 

We  have  been  able  to  distinguish  readily  arterioles,  capillaries  and  venules,  lymphatics  (20- 
100 fj-),  and  extremely  delicate  nerve  fibers  in  mesenteries,  as  well  as  in  organs;  i.e.,  bladder, 
tongue,  uterus  and  fallopian  tubes.  The  appearance  of  formazan  in  the  blood  vessels  is  one  of 
discrete,  granular  deposition  in  the  cytoplasm  not  only  of  the  endothelium  of  blood  vessels  but 
also  the  muscular  elements.  The  laying  down  of  reduced  tetrazolium  in  walls  of  lymphatics 
and  nerve  endings  is  also  particulate.  These  structures  may  be  readily  distinguished  from 
connective  tissue  fibers  since  the  latter  do  not  reduce  tetrazolium. 

With  this  tool,  we  are  at  present  exploring  methods  for  distinguishing  changes  in  specific 
enzyme  systems  in  different  tissues  following  x-radiation. 

The  effect  of  various  levels  of  .v -irradiation  on  the  gametes  and  early  embryos  of 
Fundulus  heteroclitus.     ROBERTS  Rucn.1 

The  gametes  of  Fundulus  heteroclitus  are  quite  radioresistant  as  determined  by  the  effect 
on  subsequent  development  of  the  embryo ;  25,000  r  x-rays  to  the  unfertilized  eggs  caused  a  wide 
range  of  abnormalities  from  quite  normal  to  absence  of  forebrain.  Eggs  exposed  to  100,000  r 
allowed  some  embryos  to  develop  quite  normally.  These  were  probably  haploids,  developing 
parthenogenetically.  200,000  r  to  the  eggs  prevented  their  fertilization.  Such  an  exposure  to 
the  eggs  did  prevent  their  fertilization.  Such  an  exposure  to  the  sperm  did  not  prevent  their 
motility  nor  their  ability  to  fertilize  normal  eggs.  While  none  of  the  resulting  embryos  from 
200,000  r  sperm  ever  hatched,  many  developed  pulsating  hearts  connected  with  a  circulatory 
system  completely  devoid  of  corpuscles.  The  sperm  appeared  better  able  to  effect  normal 
development  following  high  levels  of  x-irradiation  than  did  the  eggs. 

When  the  one-  and  two-cell  stages  were  x-rayed  to  300  r  there  was  a  stunting  of  develop- 
ment but  no  gross  abnormalities,  while  1,000  r  caused  complete  suppression  of  the  anterior 
neural  differentiation.  From  2  to  8  cells  the  maximum  tolerable  dose  which  allowed  normal 

1  The  laboratory  facilities  for  this  study  were  provided  by  the  Office  of  Naval  Research. 
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development  was  500  r  but  at  stage  11  (expanding  blastula)  even  1,000  r  had  no  appreciable 
effect  on  development  and  it  required  3,000  r  to  produce  anterior  end  teratologies.  Thus,  the 
early  fertilization  and  cleavage  stages  were  the  most  radiosensitive. 

In  embryos  which  survived  radiation  exposure  for  some  time  the  primary  breakdown  seemed 
to  be  in  the  circulatory  system,  followed  by  stasis  in  development  affecting  the  central  nervous 
and  other  system-.  Pulsating  hearts  developed  and  were  functional  for  some  days,  even  with- 
out circulating  cells.  Cyclopia,  complete  absence  of  eyes  and  forebrain  occurred  while  the  more 
posterior  structures  appeared  to  be  quite  normal.  Apparently  the  normal  morphological 
movements  at  the  time  of  gastrulation  were  affected  and  this  caused  structural  abnormalities 
and  final  death  of  the  embryos. 

Antibiotics  in  relation  to  tlic  survival  of  Spisula  ova.     VICTOR  SCHECHTER. 

The  unfertilized  egg  cells  of  the  clam,  Spisula  solidissiina,  were  stored  in  sea  water  con- 
taining antibiotics  in  concentration  ranging  from  0.5  to  100  units  per  cc.  While  controls  sur- 
vived for  a  maximum  of  32  hours,  the  ova  in  antibiotic-treated  sea  water  endured  for  over  90 
hours,  and  were  then  responsive  to  sperm.  Dihydrostreptomycin  and  Chloromycetin  were  most 
effective.  Aureomycin,  Penicillin,  Bacitracin,  Polymyxin  and  Terramycin  followed,  in  the 
order  given.  In  some  cases  the  maximum  effect  was  obtained  in  the  maximum  concentration 
used,  e.g.,  Chloromycetin ;  while  with  some  of  the  other  antibiotics  the  maximum  effect  was 
obtained  at  lower  concentrations.  With  Aureomycin,  for  example,  the  maximum  effect  was 
obtained  in  a  concentration  of  25  units  per  cc.  Cleavage  could  occur  but  was  generally  re- 
tarded in  time,  and  to  an  extent  inhibited.  It  was  evident  that  the  action  of  antibiotics  consisted 
of  more  than  a  single  effect,  in  that  it  involved  the  medium  in  which  the  eggs  were  contained,  and 
the  eggs  themselves.  These  two  effects  were  antagonistic  in  their  action. 

The  effect  of  antibiotics  upon  Spisula  sperm.     VICTER  SCHECHTER. 

Spisula  sperm  placed  in  sea  water  containing  antibiotics  in  concentration  of  100  units  per 
cc.  generally  lost  their  motility.  In  the  case  of  Aureomycin  and  Polymyxin  the  effect  was 
reversible.  It  was  irreversible  with  Magnamycin.  In  Chloromycetin  no  impairment  of  motility 
was  detected.  Unlike  the  effect  upon  survival  of  Spisula  ova,  the  action  of  antibiotics  upon 
sperm  may  be  taken  to  be  directly  upon  the  cells  themselves,  in  its  entirety,  and  unrelated  to 
other  biotic  factors  in  the  medium. 

Evidence  for  active  transport  of  water  in  Fttnditltis  embryos.     D.  R.  SHANKLIN. 

The  adult  Funditlus  exists  in  sea  waters  whose  osmotic  strength  varies  from  two  to  four 
times  that  of  the  fish  itself,  the  euryhaline  state.  Copeland  (1948)  has  demonstrated  the  ex- 
istence of  an  extra-renal  osmoregulatory  mechanism  whose  net  effect  is  maintenance  of  such 
gradients  in  the  face  of  frequently  rapid  changes.  Developing  Fnnditlits  embryos  are  also  sub- 
ject to  this  euryhaline  state.  In  the  laboratory  they  exist  and  develop  in  the  extremes  of 
distilled  water  and  at  salt  concentrations  twice  that  of  sea  water.  Evidence  for  water  move- 
ment is  best  obtained  by  studies  with  deuterium  oxide.  The  effect  of  osmotic  change  on  salt 
balance,  however,  affords  evidence  for  water  movements.  Comparison  of  salt  balance  in  media 
whose  colligative  property  coefficients  are  constant  with  those  whose  salt  concentrations  are 
constant,  but  heterosmotic,  should  reflect  the  order  of  osmotic  strengths.  This  in  fact  does  not 
occur.  Since  all  such  media  are  hypotonic  to  balance,  dilution  should  occur,  but  in  some  in- 
stances concentration  occurs.  In  those  in  which  dilution  does  occur,  the  order  is  not  related  to 
the  osmotic  scale.  These  phenomena  are  more  closely  related  to  changes  in  the  water  gradient, 
as  determined  by  densiometric  studies — which  property  does  not  quantitatively  parallel  the 
tonicity.  Comparisons  of  heterosmotic  and  anisohydric  states  with  normals  in  presence  of 
glycolytic  inhibitor  fluoride  shows  a  connection  between  energy  mechanisms  and  water  move- 
ment. In  presence  of  fluoride  there  is  egression  of  water  with  the  osmotic  gradient,  and  in- 
gression  against  the  gradient  in  the  absence  of  fluoride.  These  responses  permit  the  embryo 
to  .maintain  an  osmotic  pressure  20-25%  of  the  surrounding  medium. 
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The  action  of  trypsin  on  Arbacia  and  Echinarachnius  eggs  in  homologous  and  cross 
fertilisation.     ALBERT  TYLER  AND  CHARLES  B.  METZ. 

Trypsin  treatment  dissolves  the  gelatinous  coat  (fertilizin)  of  unfertilized  sea  urchin  eggs 
(Tyler  and  Fox,  1940)  ;  it  inhibits  formation  of  the  fertilization  membrane  (Kunitz,  1932)  and 
renders  the  eggs  more  readily  cross  fertilizable  (Hultin,  1948;  Bohus  Jensen,  1953).  These 
effects  initiated  the  present  study. 

Arbacia  eggs  were  treated  with  0.05%  crystalline  trypsin  for  periods  of  }£  to  3  hours  and 
aliquots  inseminated  with  serial  dilutions  of  Echinarachnius  sperm.  The  concentration  of  sperm 
required  to  yield  equal  percentages  of  fertilization  in  treated  and  control  eggs  was  then  com- 
pared. This  revealed  that  trypsin-treated  eggs  required  less  than  ^7  the  amount  of  sperm 
necessary  to  obtain  comparable  fertilization  of  control  eggs.  Similarly  in  the  reciprocal  test 
(Arbacia  sperm  X  Echinarachnius  eggs)  treated  eggs  required  less  than  %  as  much  sperm  as 
controls.  The  experiments  also  showed  that  fertilizability  of  trypsin-treated  eggs  by  homologous 
sperm  was  markedly  reduced.  Treated  eggs  (Arbacia)  required  50  X  the  amount  of  sperm 
necessary  for  the  controls.  Fertilization  and  cleavage  also  occurred  in  the  trypsin  solution. 
Arbacia  eggs  with  or  without  trypsin  treatment  failed  to  cross  fertilize  with  Asterias  sperm. 
This  result  suggests  that  trypsin  does  not  extend  cross  fertilizability  to  new  combinations  but 
rather  facilitates  crosses  that  can  occur  independently. 

Since  trypsin  obviously  removes  most  of  the  fertilizin  (gelatinous  coat)  from  the  eggs,  it 
seemed  desirable  to  determine  whether  or  not  some  remains  as  part  of  the  surface.  It  was 
found  that  the  addition  of  antifertilizin  (which  agglutinates  control  eggs)  inhibits  fertilization 
of  both  trypsin-treated  and  control  eggs  and  may  agglutinate  trypsin-treated  eggs.  This  sug- 
gests that  at  least  some  fertilizin  remains  on  the  surface  of  trypsin-treated  eggs. 

Unlike  Strongyloccntrotus  and  many  other  species,  Arbacia  sperm  following  treatment 
with  fertilizin  does  not  suffer  a  marked  loss  in  capacity  to  fertilize  normal  eggs.  Since  trypsin 
renders  Arbacia  eggs  less  readily  fertilizable,  such  eggs  appeared  to  provide  a  more  sensitive 
test  for  an  effect  of  Arbacia  fertilizin  on  the  fertilizing  power  of  homologous  sperm.  This 
proved  to  be  correct,  for  the  concentration  of  fertilizin-treated  sperm  required  to  fertilize  trypsin- 
treated  eggs  was  100  X  that  of  the  untreated  sperm.  This  result  is  interpreted  as  a  decrease 
in  available  receptor  groups  on  both  the  egg  (fertilizin)  and  sperm  (antifertilizin). 

Loss  of  radioactivity  from  tissue  sections  during  histological  processing.     W.   S. 
VINCENT. 

Intracellular  distribution  of  certain  substances  which  will  incorporate  radioisotopes  is  possi- 
ble through  the  use  of  radioautograph  techniques.  Semi-quantitative  estimates  of  the  specific 
activity  of  certain  compounds  have  been  made  through  the  use  of  enzymatic  digestion  of  tissue 
sections  which  have  been  so  labelled,  and  the  counting  of  reduced  silver  grains  in  the  emulsion 
before  and  after  digestion.  The  extracting  effects  of  aqueous  solutions  on  P^-containing  com- 
pounds in  sections  of  Amblystoma  larvae  exposed  to  100  MC  of  P32  are  given  below.  The  data 
are  expressed  as  per  cent  of  counts  in  the  section  before  removal  of  the  paraffin  which  remain 
after  the  indicated  treatment.  Removal  of  paraffin:  92;  hydration  (through  alcohols  to  water)  : 
80;  RNAase  (two  hours,  37°)  :  25;  RNAase  control  (H2O)  :  56;  TV  HC1  (14  minutes,  60°)  : 
35;  HC1  controls  (H2O)  :  66.  A  similar  pattern  of  loss  of  radioactivity  from  starfish  oocytes 
has  also  been  demonstrated. 

The  nature  of  the  radiophosphorus-containing  materials  which  are  soluble  in  the  aqueous 
solutions  has  not  yet  been  demonstrated.  These  data  suggest  that  considerable  caution  is 
required  in  quantitative  interpretation  of  radioautographs. 

Induction  of  a  persistent  modification  in  the  daily  rhythm  of  0  ^-consumption  in 
fiddler  crabs.1    H.  M.  WEBB,  M.  F.  BENNETT  AND  F.  A.  BROWN,  JR. 

Fiddler  crabs  of  two  species,  Uca  pugnax  and  Uca  pugilator,  were  subjected  to  three  cycles 
of  illumination  by  night  and  darkness  by  day.  At  the  end  of  this  time,  and  again  at  the  con- 

1  This  work  was  supported  in  part  by  contracts  NONR-09703  and  NONR  122803  with  the 
Office  of  Naval  Research. 
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elusion  of  the  experiment,  it  was  ascertained  that  the  daily  rhythm  of  color  change  was  inverted. 
The  form  of  the  daily  rhythm  of  Oa-consumption  of  these  "reversed"  animals  under  constant 
conditions  was  compared  with  that  of  controls  for  two  consecutive  fifteen-day  periods.  It  was 
found  that  the  ratio  of  the  average  rate  of  Os-utilization  for  the  hours  between  5  and  10  A.M. 
to  the  average  rate  for  the  5  to  10  P.M.  hours  was  about  35%  higher  in  the  light-reversed  animals 
than  in  the  controls.  This  is  consistent  with  the  view  generally  held  that  the  hormone  normally 
involved  with  the  darkening  of  the  body  is  a  depressant  for  O2-consumption  and  that  Oa-uptake 
is  lowered  at  the  time  of  its  liberation  into  the  blood  and  elevated  when  the  titre  of  this  hormone 
is  diminished.  Though  this  described  modification  occurred,  the  general  form  of  the  daily 
rhythm,  with  its  tendency  for  maxima  to  be  present  at  3  A.M.,  9  A.M.,  and  3  P.M.,  with  the 
principal  minimum  during  the  evening  hours,  appeared  otherwise  unaltered  by  the  light  treatment. 

J'ariations  in  .\--radiation  sensitivity  of  different  stages  of  growth  in  Paramecium.1 
RALPH  WICHTERMAN. 

After  specimens  from  a  given  clone  of  Paramecium  caitdatuin  are  irradiated,  considerable 
variation  in  x-ray  susceptibility  is  seen  to  occur  depending  primarily  upon  the  phases  and  stages 
of  growth  of  the  organisms  when  environmental  and  technical  factors  are  maintained  fairly 
constant  during  and  after  irradiation. 

Nylon  syringes  of  two-cc.  capacity  were  used  as  irradiation  chambers.  In  a  typical  experi- 
ment, 200  specimens  representing  one  phase  of  growth  were  placed  in  each  syringe.  Four 
syringes  containing  the  different  stages  were  irradiated  simultaneously  with  250  kiloroentgen. 
After  irradiation,  specimens  were  expressed  into  sterile  spot-plates  and  kept  in  moist  chambers 
for  observation. 

The  LD  50  of  Paramccnun  candatuin,  24  hours,  is  approximately  340  kr  when  fully  differ- 
entiated, well-fed,  vigorous  specimens  are  irradiated  from  a  culture  which  has  reached  the  peak 
of  maximal  division  rate.  Such  specimens  when  irradiated  with  250  kr  prove  to  be  more 
radioresistant  than  vegetative  ones  from  older  cultures  containing  more  transparent,  thinner, 
less  vigorous  animals  in  which  feeding  activity  and  fission  rate  are  greatly  reduced.  Twenty- 
four  hours  after  irradiation,  66  per  cent  of  the  vigorous,  well-fed  specimens  survived  in  contrast 
to  38  per  cent  of  the  other  type.  Forty-eight  hours  after  irradiation,  more  specimens  in  each 
group  succumbed  resulting  in  49  per  cent  survival  in  the  former  and  21  per  cent  in  the  latter. 
Recovery  of  x-radiation  effects  is  faster  in  the  survivors  of  the  well-fed,  vigorous  group  than  in 
the  other  even  when  both  groups  of  survivors  are  treated  in  the  same  manner. 

Based  upon  these  and  other  experiments,  attention  is  called  to  the  fact  that  some  immobilized 
paramecia  may,  for  hours,  appear  dead  during  the  first  day  after  irradiation  only  to  recover 
after  the  first  24-hour  period.  More  reliable  results  may  be  obtained  for  Paramecium  and 
possibly  other  Protozoa  by  determining  the  LD  50  values  for  a  48-hour  period  following  x-radia- 
tion instead  of  the  commonly  used  24-hour  period.  Also,  attention  is  called  to  the  significance 
of  physiologic  conditions  and  stages  of  growth  of  the  Protozoa  to  be  irradiated. 

An  antimitotic  substance  from  muscle.2     WALTER  L.  WILSON  AND  L.  V.  HEIL- 

BRUNN. 

According  to  Bullough,  muscular  exercise  tends  to  inhibit  mitosis  in  the  skin  of  mice.  This 
may  be  due  to  the  production  of  an  antimitotic  substance  by  contracting  muscle. 

As  a  result  of  the  work  of  Most,  frog  muscle  is  known  to  produce  a  heparin-like  substance 
as  a  result  of  repeated  contractions,  and  accordingly  we  began  our  experiments  with  muscles 
of  the  frog.  These  experiments  are  complicated  by  the  fact  that  in  order  to  use  marine  eggs 
for  test  objects,  the  salt  solution  bathing  the  frog  muscles  has  to  be  concentrated  so  that  the 
final  tonicity  is  equal  to  that  of  sea  water.  Accordingly  we  turned  to  lobster  muscle,  using  the 

1Aidcd  by  a  grant  from  the  Committee  on  Research,  Temple  University  and  performed 
under  Contract  NR  135-263  between  the  Office  of  Naval  Research,  Department  of  the  Navy 
and  Temple  University. 

-'  This  investigation  was  supported  by  a  research  grant  from  the  National  Cancer  Institute, 
National  Institutes  of  Health,  Public  Health  Service,  administered  by  L.  V.  Heilbrunn. 
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eggs  of  the  worm  Chaetopterus  to  test  for  antimitotic  activity.  The  tail  muscles  of  lobsters 
were  stimulated  electrically.  After  the  muscles,  following  repeated  stimulation,  were  no  longer 
able  to  contract,  they  were  cut  out  of  the  animal,  placed  into  sea  water,  and  teased  apart. 
After  a  half  hour,  the  sea  water  which  had  been  in  contact  with  the  muscles  was  found  to  be 
rich  in  a  substance  which  prevented  division  of  the  eggs.  Control,  unstimulated  muscles  also 
give  off  this  substance  but  in  much  lower  concentration.  The  antimitotic  substance  from  the 
fatigued  muscles  keeps  the  protoplasm  in  a  fluid  state — that  is  to  say,  it  prevents  the  mitotic 
gelation.  It  is  a  heat-stable  substance  and  resists  boiling.  Further  studies  on  its  chemical 
properties  are  planned. 

Inhibition  of  intennedin-induced  darkening  of  frog  skin  (Rana  pipiens)  by  tetra- 
zoliitin  salt.  PAUL  A.  WRIGHT. 

An  interesting  physiological  property  of  triphenyltetrazolium  chloride  (TTC)  is  its  ability 
to  inhibit  darkening  (dispersion  of  melanophoral  pigment)  of  isolated  frog  skin  as  induced  by 
intermedin.  A  solution  of  0.1%  (0.003  M)  TTC  in  Ringer's  fluid  totally  prevents  the  darken- 
ing response  to  an  optimal  dosage  of  intermedin  (20  units)  ;  0.001  M  solution  is  at  first  in- 
hibitory (30  minutes)  and  then  permits  partial  darkening;  0.0001  M  TTC  is  ineffective.  The 
salt  appears  to  affect  the  responsiveness  of  the  melanophores  and  does  not  merely  inactivate 
the  hormone,  since  a  0.003  M  solution  is  just  as  effective  in  inhibiting  40  or  400  units  of  in- 
termedin as  it  is  2  or  20.  The  inhibition  is  immediate  and  the  formation  of  formazan  appears 
to  have  no  part  in  the  reaction ;  in  fact,  photoreduced  TTC  and  freshly  prepared  solutions  are 
equally  potent  in  preventing  darkening.  Succinate  (0.001  M,  pH  7.4)  did  not  protect  the  skin 
against  the  action  of  tetrazolium.  There  is  some  indication  that  glucose  (0.01  M)  can  par- 
tially release  the  inhibition  imposed  by  TTC,  but  levulose  and  galactose  had  none  of  this  ability. 

TTC  did  not  alter  the  blanching  pattern,  which  follows  darkening,  in  either  Ringer's  fluid 
or  solutions  of  epinephrine,  but  skins  which  had  been  maximally  darkened  with  intermedin 
returned  promptly  to  the  blanched  state  when  TTC  was  added,  even  in  the  presence  of  an 
optimal  dosage  of  intermedin  (20  units).  Addition  of  TTC  at  any  point  during  an  inter- 
medin-induced  darkening  causes  the  melanophores  to  cease  pigment  dispersion  and  begin  at 
once  the  process  of  melanin  concentration.  Further  work  is  in  progress  to  elucidate  the  mode 
of  action  of  tetrazolium  salts. 

Native  protein  structure  and  a  tetrahedral  motif.1     DOROTHY  WRINCH. 

Crystal  data  for  many  globular  proteins  direct  attention  to  some  striking  properties  includ- 
ing a  spread  over  all  11  possible  classes,  cases  of  pseudo-symmetry,  and  twins  and  intergrowths 
related  to  the  crystal  class.  The  structures  of  the  silicates  etc.  suggest  that  these  properties 
may  be  a  consequence  of  a  motif  with  a  tetrahedral  quality  in  the  skeletons  of  protein  molecules. 
This  we  find  in  the  five  atom  motif,  N — (H — )Ca( — Cp)C,  which  may  be  playing  for  protein 
molecules  a  part  formalistically  similar  to  that  played  by  the  SiO»  motif  in  cristobalite,  the 
common  feature  being  the  setting  of  motifs  to  their  fellows  with  reference  to  a  single  set  of 
cubic  axes.  Picturing  such  motifs  assembled  with  symmetry  231,  R-groups  could  be  inserted 
with  symmetry  231  or  22  or  3  or  2  or  1.  Assuming  mutual  affinities  of  such  structures  when 
apposed  in  parallel,  with  or  without  one-quarter  turns  about  cube  edges  and  one-sixth  turns 
about  cube  diagonals,  explanations  of  the  properties  could  be  given. 
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I.  A  search  for  L-spinacine  in  dogfish  liver.  II.  An  investigation  of  the  constitu- 
ents and  function  of  the  hypobranchial  gland  of  certain  Muricidae.  BRUCE  N. 
AMES. 

L-spinacine  (imidazo-tetrahydropyridine  carboxylic  acid)  was  reported  to  be  present  in 
large  amounts  in  shark  (Acanihias  vulgaris)  by  Ackermann.  This  compound  is  of  interest 

1  This  work  is  supported  by  the  ONR  under  contract  with  Smith  College. 
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because  of  its  close  structural  relationship  to  both  histidine  and  purines.  We  have  synthesized 
spinacine  from  histidine  by  the  procedure  of  Neuberger,  and  have  been  able  to  localize  it  on 
paper  chromatograms  by  spraying  the  paper  with  diazosulfanilic  acid,  a  reagent  for  imidazoles. 
No  spinacinc  could  be  detected  on  chromatographing  extracts  of  dogfish  (Squalus  acanthias} 
liver. 

Urocanylcholine  (murexine)  was  found  in  the  hypobranchial  gland  of  Murcx  trunculus 
and  several  related  Mediterranean  snails  by  Erspamer.  It  is  closely  related  in  structure  to 
acetylcholine  and  has  a  pronounced  curare-like  action.  The  function  of  the  hypobranchial  gland 
in  snails  is  not  understood.  We  have  chromatographed  the  glands  of  several  local  Muricidae 
in  an  attempt  to  correlate  the  feeding  habits  of  the  snails  with  the  presence  of  urocanylcholine. 
Extracts  of  the  glands  were  chromatographed  on  paper  and  the  urocanylcholine  spot  eluted  and 
read  in  the  Beckman.  In  addition  to  a  strong  ultra-violet  absorption,  urocanylcholine  may  be 
indicated  on  chromatograms  by  a  diazosulfanilic  acid  spray.  Thais  and  Urosalpinx  contain 
large  amounts  of  urocanylcholine  in  the  hypobranchial  gland  but  not  in  other  organs.  Thais 
glands  also  contain  several  fluorescent  compounds  and  diazo-reacting  spots  distinct  from 
murexine,  histidine,  and  urocanic  acid.  Each  species  of  snail  gives  a  characteristic  pattern  when 
a  particular  organ  is  chromatographed  on  paper  and  the  chromatogram  is  viewed  with  ultra- 
violet light.  No  evidence  as  to  the  function  of  the  hypobranchial  gland  has  been  obtained. 

A  study  of  some  proteolytic  enzymes  during  the  development  of  Ilyanassa  obsoleta. 
JACK  R.  COLLIER. 

The  hydrolytic  activity  of  three  peptidases  and  three  proteinases  was  measured  in  the  egg 
and  at  subsequent  stages  of  development  of  Ilyanassa.  The  relative  activity  of  all  enzymes 
studied  is  expressed  as  microliters  of  0.05  N  HC1  necessary  to  titrate  the  free  carboxyl  groups 
which  were  released  by  the  enzymatic  hydrolysis. 

The  relative  activity  of  glycylglycine  dipeptidase  and  aminotripeptidase  of  the  Ilyanassa 
egg  was  equivalent  to  0.11  and  0.22  microliters  of  0.05  N  HC1  per  egg,  respectively.  By  the 
fifth  day  of  development  (at  19  degrees  C),  at  which  time  a  rapid  growth  of  the  organ  primordia 
begins,  the  activity  of  each  of  these  peptidases  had  increased  by  about  55  per  cent ;  by  the  tenth 
day,  when  the  veliger  larva  is  fully  developed,  the  glycylglycine  dipeptidase  activity  was  about 
700  per  cent  greater  than  the  activity  found  in  the  egg.  Alanyl-1-histidine  dipeptidase  activity 
could  not  be  detected  in  the  egg  or  at  any  subsequent  time  during  development. 

The  hydrolytic  activity  of  cathepsin  II  was  not  detected  at  any  time  prior  to  the  fifth  day 
of  development.  The  activity  of  cathepsin  II  in  the  five-day-old  embryo  was  equivalent  to  0.05 
microliters  of  0.05  N  HC1  per  embryo  and  by  the  sixth  day  of  development  a  two-fold  increase 
had  occurred.  This  increase  in  catheptic  activity  continued  during  the  remaining  four  days  of 
development  and  by  the  tenth  day  the  cathepsin  activity  was  equivalent  to  0.36  microliters  of 
0.05  N  HC1.  The  hydrolytic  activity  of  pepsin  was  not  detected  in  the  egg  or  in  the  four-day- 
old  embryo ;  however,  the  pepsin  activity  of  the  veliger  larva  was  equivalent  to  0.56  microliters 
of  0.05  N  HC1  per  larva.  The  trypsin  activity  of  the  veliger  was  equivalent  to  0.13  microliters 
of  0.05  N  HC1  per  larva. 

The  intracelhilar  localization  of  the  alanylglycine  dipeptidase  activity  in  the  egg  of 
Ilyanassa  obsoleta.     JACK  R.  COLLIER. 

The  Ilyanassa  egg  was  fragmented  by  centrifuging  in  gum  arabic  for  10  minutes  at  a 
centrifugal  force  of  about  2,000  times  gravity.  The  centrifugal  fragment  contained  all  of  the 
large  yolk  platelets  and  a  small  amount  of  hyaline  protoplasm,  whereas  the  centripetal  frag- 
ment consisted  of  an  oil  cap  and  most  of  the  hyaline  protoplasm.  The  centripetal  half  repre- 
sented 50.4  per  cent  of  the  total  volume  of  the  egg  and  the  centrifugal  fragment  49.6  per  cent. 
The  percentage  distribution  of  the  alanylglycine  dipeptidase  activity  was  69.6  per  cent  in  the 
centripetal  fragment  and  21.2  per  cent  in  the  centrifugal  fragment. 
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The  volume  of  the  yolk  platelets  in  the  Ilyanassa  egg  was  measured  by  homogenizing  the 
egg  and  packing  the  platelets  in  a  capillary  tube  with  subsequent  measurement  of  the  volume 
of  the  capillary  occupied  by  the  yolk  platelets.  From  these  measurements  it  was  found  that 
the  yolk  occupied  33.4  per  cent  of  the  total  volume  of  the  egg.  The  volume  of  the  oil  cap  was 
determined  by  calculating  the  volume  of  the  spherical  segment  which  it  occupied  in  the  cen- 
trifuged  egg  and  was  found  to  be  10.5  per  cent  of  the  total  volume.  Thus,  the  hyaline  protoplasm 
(plus  its  finer  inclusions)  was  found  to  occupy  56.1  per  cent  of  the  total  volume  of  the  egg. 

Considering  that  the  centrifugal  fragment  contained  all  of  the  yolk  platelets  plus  some 
hyaline  protoplasm,  and  that  it  represented  49.6  per  cent  of  the  total  volume  of  the  egg  the 
percentage  of  the  hyaline  protoplasm  in  the  centrifugal  fragment  was  found  to  be  16.2  by  sub- 
tracting the  volume  of  the  yolk  contained  in  the  egg  from  the  volume  of  the  centrifugal  frag- 
ment. The  percentage  of  hyaline  protoplasm  in  the  centrifugal  fragment  is  in  close  agreement 
with  the  percentage  of  the  dipeptidase  activity  in  the  centrifugal  fragment.  Thus,  it  seems 
probable  that  the  alanylglycine  dipeptidase  activity  is  contained  in  the  hyaline  protoplasm  and/or 
its  finer  inclusions. 

Attempt  at  isolation  of  dcsoxyribonucleoprotein  from  pneumococci.     H.  EPHRUSSI- 
TAYLOR. 

Although  several  types  of  desoxyribonucleoproteins  have  been  isolated  from  higher  organ- 
isms, no  evidence  has  ever  been  obtained  demonstrating  the  existence  in  bacteria  of  desoxy- 
ribonucleic  acid  in  a  protein-bound  form.  In  collaboration  with  Dr.  Jay  Barton,  an  attempt 
has  been  made  to  isolate  from  pneumococcus  a  desoxyribonucleoprotein,  employing  the  tech- 
nique described  by  Mazia  and  Bernstein.  Employing  distilled  water  extraction  of  frozen  and 
thawed  bacteria  of  a  streptomycin-resistant  strain  of  pneumococcus,  it  has  been  possible  to 
isolate  a  material  which  is  endowed  with  transforming  activity  (conversion  of  streptomycin- 
sensitive  pneumococci  into  resistant  ones).  Characterization  of  the  extracted  material  is  as 
yet  incomplete.  Analyses  show  the  extracts  to  contain  appreciable  amounts  of  protein,  ribo- 
nucleic  acid  and  desoxyribonucleic  acid,  but  the  extent  to  which  the  components  are  bound  to 
each  other  remains  to  be  determined.  No  material  having  the  solubility  of  nucleohistone  was 
found.  Quantitative  studies  of  transforming  activity  of  extracts  strongly  suggest  that  the 
transforming  factor  is  present  in  bound  or  aggregated  form,  since  activity  increases  100-1000 
fold  upon  dilution.  No  inhibitory  substances  could  be  detected,  which  otherwise  might  have 
accounted  for  the  low  activity  of  undiluted  extracts. 

Fine  structure  in  the  oocyte  nuclear  membrane.     JOSEPH  G.  GALL. 

Nuclear  membranes  from  isolated  oocyte  nuclei  of  the  starfish  Henricia  were  spread  flat  on 
plastic  "Formvar"  films,  fixed  in  \%  osmium  tetroxide,  dried,  and  observed  with  the  electron 
microscope.  The  membrane  consists  of  a  thin  continuous  sheet  with  raised  annuli  scattered  on 
its  cytoplasmic  side.  The  annuli  are  roughly  1000  A  in  diameter  with  a  center  about  400  A 
across.  In  thin  sections  of  osmium-fixed  oocytes  the  continuous  sheet  appears  as  a  fine  line 
about  150  A  thick.  The  annuli  are  not  easily  distinguished  from  the  cytoplasm  in  transverse 
sections  of  the  nuclear  membrane,  but  are  apparent  in  areas  cut  tangentially.  Annuli  of  similar 
dimensions  have  been  seen  in  sectioned  oocytes  of  the  annelid  Chactoptcnis,  and  in  spread  nuclear 
membranes  from  oocytes  of  the  frog  Rana,  the  newt  Triturus,  and  an  unidentified  minnow. 
These  observations  suggest  that  the  nuclear  membranes  of  widely  divergent  forms  may  be  con- 
structed on  a  common  plan. 

The  effects  of  various  agents  have  been  tested  on  unfixed  nuclear  membranes  of  Triturus. 
Some  solutions  appeared  to  digest  the  membrane  (pepsin,  trypsin),  while  others  had  little  effect 
on  its  fine  structure  (distilled  water,  various  concentrations  of  sodium  chloride  up  to  1.0  M, 
phosphate  buffer  at  pH  7.0,  equal  parts  of  ether  and  alcohol,  and  solutions  containing  calcium  or 
from  which  this  ion  had  been  removed  by  the  chelating  agent  "Versene").  The  nuclear  mem- 
brane is  therefore  composed,  at  least  in  part,  of  relatively  insoluble  protein. 
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.  /  Ini'thcr  stndv  oj  isometric  mechanical  responses  of  the  anterior  b\ssus  retractor 
muscle  oj  Myfi/ns  edit/is  to  electrical  stimuli  and  mechanical  stretch.  WILLIAM 
H.  JOHNSON. 

\Vinton  has  shown  that  following  direct  current  stimuli,  the  anterior  byssus  retractor 
muscle  of  Mytilns  cdulis  relaxes  very  slowly  and  shows  an  increase  of  tensile  "viscosity"  which 
can  be  reversed  !>y  a  burst  of  alternating  current  or  short  D.C.  pulses.  The  long-lasting  D.C. 
response  is  cathodal,  as  shown  by  Fletcher.  Thus,  in  the  present  work,  a  Taylor  triangular 
electrode  was  used  in  an  attempt  to  produce  as  large  a  cathode  as  possible  at  the  muscle  surface. 
It  was  found  that  a)  if  the  electrode  is  made  cathodal,  the  response  to  single  pulses  was  large, 
if  anodal,  the  response  is  small ;  b)  a  typical  D.C.  response  is  obtained  at  pulse  durations  as 
short  as  20  msec.;  c)  the  response  becomes  greater  as  the  pulse  duration  is  increased;  d)  these 
responses  will  sum,  until,  at  high  repetition  rates,  a  Winton  "tetanic"  response  is  obtained. 
Quick  stretches  applied  to  the  muscle  showed  the  muscle  to  be  more  plastic  following  "tetanic" 
stimuli  than  following  D.C.  stimuli,  as  found  by  Winton.  Even  at  muscle  lengths  below  rest 
length,  the  stiffness  increases  following  D.C.  stimuli.  This  increase  is  similar  to,  but  smaller 
than,  the  increase  in  stiffness  seen  during  iodoacetate  rigor.  The  "unlocking"  or  "plasticizing" 
action  of  the  tetanus  takes  place  during  a  short  interval  following  the  cessation  of  the  stimulus. 
The  hypothesis  is  advanced  that  these  visco-elastic  changes  may  be  produced  by  variations  in 
intrafibrillar  concentrations  of  ATP,  similar  to  the  effects  found  by  Weber  using  glycerinated 
psoas  fibers.  In  this  muscle,  the  stiffness  can  be  increased  with  little  concomitant  contraction 
by  adjusting  the  repetition  rate  of  short  D.C.  stimulating  pulses:  thus  the  visco-elastic  change 
might  be  a  major  physiological  response  in  such  holding  muscles. 

Some  observations  on  biolmninescences.     BERNARD  L.  STREHLER   (with  kind  as- 
sistance of  R.  Cahn  and  M.  Owens). 

Several  bioluminescent  systems  have  been  examined  with  respect  to  general  and  more 
specific  properties.  The  chemiluminescence  of  green  plants  has  been  studied  with  respect  to 
the  decay  curves  of  this  luminescence  during  the  early  period  after  the  illuminating  flash.  In 
addition,  about  30  species  of  marine  and  land  plants  including  brown,  red  and  green  algae, 
conifers,  and  a  variety  of  monocots  and  dicots,  have  been  examined  for  the  occurrence  and 
intensity  of  this  luminescence.  All  plants  examined  exhibited  this  luminescence. 

The  major  effort  was  centered  on  Mnemiopsis  bioluminescence.  Many  prior  observations 
have  been  confirmed.  Among  the  newer  observations  are  the  following :  Stable  luminous 
powders  can  be  prepared  by  low  temperature  lyophylization ;  chemiluminescence  can  be  elicited 
from  cell  suspensions  by  a  great  variety  of  physical  and  chemical  agents  including  mechanical 
stimuli,  electrical  shock,  detergents,  alcohol,  freezing,  etc.  No  luciferin-luciferase  reaction  has 
thus  far  been  demonstrated.  Factors  necessary  for  bacterial  or  firefly  luminescence  were  in- 
effective in  this  system.  With  the  supply  of  stable  powders  obtained  this  summer  it  is  hoped 
that  the  biochemical  investigations  can  be  carried  further  during  the  coming  winter. 

Large  amounts  of  isolated  luminous  material  from  ctenophores  have  been  extracted  with 
organic  solvents  in  an  attempt  to  obtain  the  pigments  responsible  for  bioluminescence  and  for 
the  photoinactivation  of  the  luminescence  of  the  intact  ctenophore  or  cell  suspensions  obtained 
from  it. 

Finally,  with  the  hypothesis  in  mind  that  light  might  trigger  an  internal  chemiluminescence 
which  would  act  as  an  amplifier  in  visual  receptors,  squid  and  Fundulus  eyes  were  examined 
with  a  phosphoroscope-quanturn  counter  combination.  No  delayed  luminescence  was  observed, 
indicating  that  the  hypothesis  is  probably  incorrect. 

-  incorporation  into  starfish  oocyte  nucleoli.     W.  S.  VINCENT. 

Tin-  incorporation  of  P82  into  various  fractions  of  the  starfish  oocyte  nucleolus  has  been 
studied  by  direct  analysis  of  isolated  nucleoli  and  by  autoradiography.  P:12  enters  the  nucleolus 
at  a  linear  rate  over  a  nine  hour  period.  The  relative  specific  activities  of  nucleolar  fractions 
are  as  follows:  whole  nucleolus,  1.0;  acid-soluble  P,  3.0;  RNAP,  0.5;  protein  P,  0.2.  The 
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relative  specific  activity  of  the  whole  egg  P  and  cytoplasmic  RNAP  were  1.0  and  0.5,  respec- 
tively. The  dilute  acid-soluble  fraction  contains  non-dialysable  nucleotides  of  relatively  high 
specific  activity.  Semi-quantitative  grain  counts  of  autoradiograms  of  nucleoli  in  tissue  sections 
indicate  that  the  RNA  of  in  situ  nucleoli  has  a  specific  activity  of  100  to  1000  times  that  of  the 
cytoplasmic  RNA.  Ultraviolet  absorption  measurements  on  isolated  and  in  situ  nucleoli  have 
shown  that  about  10%  of  the  ribonuclease-removable  absorption  is  lost  during  isolation.  Pre- 
liminary studies  of  autoradiographs  of  aliquots  of  egg  homogenates  taken  during  various  in- 
tervals of  the  isolation  procedure  suggest  that  considerable  radioactivity  is  lost  from  the 
nucleoli  during  the  early  steps  of  isolation. 

These  data  suggest  that  the  starfish  nucleolus  contains  two  types  of  RNA.  One  type  is 
loosely  bound  and  metabolically  labile,  as  is  indicated  by  the  concentration  of  radioactivity  in 
the  material  lost  during  isolation  of  the  nucleolus.  The  other  type  incorporates  P32  quite  slowly, 
and  is  tightly  bound  to  the  nucleolar  structure. 
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Injury  from  high  tensions  of  oxygen  has  been  reported  for  a  wide  range  of 
plants  and  animals.  These  have  included  chromosome  breakage  (Conger  and 
Fairchild,  1952)  and  numerous  non-nuclear  changes  (Stadie,  Riggs  and  Haugaard, 
1944).  Among  insects,  toxicity  from  oxygen,  as  manifested  by  a  decrease  in  wing 
beat  frequency  and  reduced  viability,  has  been  shown  for  adults  of  Drosophila 
azteca  exposed  to  up  to  ten  atmospheres  of  oxygen  (Williams  and  Beecher,  1944). 
Drosophila  melanogaster  exposed  as  embryos  exhibited  a  slight  lag  in  development, 
but  without  concomitant  effects  on  viability  (Glass  and  Plaine,  1952).  During 
investigations  on  the  parasitic  wasp,  Habrobracon,  it  was  found  that  pupal  de- 
velopment was  arrested  by  high  tensions  of  oxygen.  Since  reports  of  such  effects 
are  meager,  it  was  decided  to  investigate  this  phenomenon  in  more  detail. 

MATERIALS  AND  METHODS 

The  methods  of  rearing  Habrobracon  and  of  experimentation  have  appeared  in 
previous  publications  (Clark  and  Mitchell,  1951).  Females  from  stock  No.  33 
were  crossed  to  males  from  stock  No.  1.  Diploid  daughters  were  obtained  from 
the  fertilized  eggs  and  haploid  sons  from  unfertilized  eggs.  The  male  and  female 
offspring  were  grown  together  in  the  same  culture  and  treated  at  the  same  stage  of 
development.  All  cultures  were  raised  at  30°  C. 

The  stages  of  development  at  which  Habrobracon  were  treated  and  the  chrono- 
logical ages  that  coincide  with  these  stages  are  shown  in  Figure  1.  "Larva-in- 
cocoon"  (3-4%  days)  is  the  period  from  the  enclosure  of  the  larva  in  the  cocoon 
to  the  appearance  of  the  meconium  ;  "prepupa"  (41,/o-51/2  days)  is  the  stage  from 
the  egestion  of  the  meconium  to  the  presence  of  external  appendages. 

The  wasp  cultures  were  exposed  to  air,  oxygen,  nitrogen,  and  carbon  dioxide 
in  chambers  about  100  cm.3  in  volume.  The  gases  were  obtained  from  commercial 
cylinders.  No  attempt  was  made  to  remove  impurities  since  previous  investigators 
such  as  Conger  and  Fairchild  (1952)  found  no  objectionable  effects  from  trace 
contaminants  in  commercial  cylinders. 

1  Research  carried  out   (in  part)    under  A.E.C.  Contract  AT(30-1)-1409  with  the  Marine 
Biological  Laboratory  and  at  Bn>"kliavui  National  Laboratory  under  the  auspices  of  the  U.  S. 
Atomic  Energy  Commission. 

2  Present  address  :  Department  of  Biochemistry,  Cornell  University,  Ithaca,  N.  Y. 
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The  deleterious  effects  were  measured  by  determining  the  incidence  of  adults 
emerging  from  cocoons  (the  eclosion  ratio),  the  occurrence  of  structural  ab- 
normalities among  these  adults  and  the  arrest  of  development. 

RESULTS 

Groups  of  individuals  that  ranged  from  the  larva-in-cocoon  stage  to  the  pig- 
mented  pupal  stage  were  exposed  to  one  atmosphere  of  oxygen  or  of  nitrogen  for 
one  hour  at  30°  C.  Groups  exposed  to  oxygen  as  larvae  in  cocoons  or  as  young 
prepnpae  showed  no  injurious  effects.  Groups  treated  as  older  prepupae  or  as 
pupae  were  injured,  white  pupae  (6-6l/2  days)  being  the  most  sensitive  (Table  I, 
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FIGURE  1.  The  relation  of  stage  of  development  to  oxygen  sensitivity  in  Habrobracon. 
The  deleterious  effect  is  expressed  as  per  cent  eclosion  following  exposure  to  oxygen  (100  per 
cent)  for  one  hour.  Data  from  Table  I. 

Fig.  1).  The  exposure  to  oxygen  decreased  the  incidence  of  individuals  de- 
veloping to  the  adult  stage  and  emerging  from  cocoons.  Arrest  of  development 
usually  occurred  during  the  pigmented  pupal  stage,  although  such  pupae  remained 
alive  for  at  least  two  weeks  after  eclosion  of  controls.  An  appreciable  number  of 

adults  which  did  emerge  show  wing  and  antennal  abnormalities.     The  eclosion 

per  cent  for  females  was  significantly  less  than  for  comparable  males.     None  of 

terious   effects   described   for   oxygen   were   found   following   exposure   to 

nitro  ^en  at  any  stage  of  development.     The  eclosion  ratios  for  nitrogen-treated 

group-     -ere  not  significantly  different  from  air  controls. 

The  pn  reding  experiment  shows  that  the  oxygen  sensitivity  of  Habrobracon 
varies  markedly  during  development.  Next,  groups  of  individuals  in  a  sensitive 
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TABLE  I 

Eclosion  ratios  for  males  and  females  after  exposure  to  oxygen  or  nitrogen 
at  different  stages  of  development 


Oxygen 

Nitrogen 

Age  (days)  at 

Males 

Females 

Males 

Females 

treatment 

eclosion 

no. 

eclosion 

no. 

eclosion 

no. 

eclosion 

no. 

ratio 

counted 

ratio 

counted 

ratio 

counted 

ratio 

counted 

3-3| 

.97 

29 

1.00 

11 

3£-4 

.96 

182 

.99 

142 

.90 

50 

.92 

39 

4~4| 

.98 

186 

.98 

173 

.98 

43 

.96 

49 

4i-5 

.96 

185 

.98 

168 

1.00 

36 

.92 

57 

5-5  £ 

.76 

286 

.60 

270 

.96 

50 

1.00 

33 

5|-6 

.70 

354 

.55 

404 

.98 

58 

.97 

36 

6  6^ 

.57 

402 

.38 

452 

.99 

65 

.98 

41 

6f-7 

.70 

371 

.63 

361 

.93 

44 

.94 

33 

7-71 

.88 

56 

.80 

39 

.96 

49 

.97 

35 

7*-8 

.96 

50 

.90 

33 

.92 

53 

.95 

42 

air  controls 

.96 

439 

.97 

340 

period  (white  pupal  stage)  and  during  a  resistant  period  (larva-in-cocoon  stage) 
were  exposed  to  air,  oxygen,  nitrogen  or  carbon  dioxide  at  one  or  at  two  at- 
mospheres pressure.  The  groups  were  exposed  at  one  atmosphere  for  15  minutes 
or  at  two  atmospheres  for  5  minutes. 

Eclosion  ratios  following  treatment  of  the  larva-in-cocoon  stage  with  air,  oxygen, 
nitrogen  or  carbon  dioxide  at  one  or  at  two  atmospheres  indicate  no  deleterious 
effects  on  development  or  eclosion  (Table  II).  Following  exposure  of  white 
pupae  to  one  atmosphere  of  nitrogen,  eclosion  is  not  significantly  lower  than  air 
controls,  but  after  one  atmosphere  of  oxygen  or  of  carbon  dioxide  eclosion  is 
significantly  lower  (Table  II)  and  after  two  atmospheres  of  oxygen  or  carbon 
dioxide  there  is  a  still  greater  decrease  in  the  incidence  of  adults  eclosing.  A  de- 
crease in  per  cent  eclosion  occurs  following  treatment  in  two  atmospheres  of 
air  over  one  atmosphere  of  air.  Treatment  in  two  atmospheres  of  nitrogen 
shows  a  non-significant  decrease  in  eclosion  for  males  and  a  small  but  sig- 
nificant decrease  for  females.  Repetition  of  these  experiments  showed  no  de- 
crease in  per  cent  eclosion  following  treatment  with  nitrogen  at  two  atmospheres 
versus  one  atmosphere,  but  did  show  marked  differences  between  one  and  two 
atmospheres  for  air,  oxygen  and  carbon  dioxide.  The  difference  shown  for  nitrogen 
between  female  pupae  treated  at  one  and  at  two  atmospheres  (Table  II)  is  therefore 
spurious.  Since  treatment  in  two  atmospheres  of  nitrogen  shows  no  deleterious 
effects,  it  would  seem  that  pressure  itself  is  not  responsible  for  the  effects.  The 
eclosion  ratios  following  treatment  in  one  atmosphere  of  oxygen  or  carbon  dioxide 
are  less  for  females  than  for  males. 

The  development  of  white  pupae  exposed  to  two  atmospheres  of  oxygen  was 
arrested  immediately.  They  remained  as  white  pupae  for  one  week,  then  started 
to  develop  pigmentation.  These  pupae  remain  alive  in  this  arrested  condition  for 
at  least  three  weeks  after  controls  have  emerged  as  adults.  Observations  of  the 
arrested  pupae  were  not  continued  after  this  period.  Of  comparable  carbon 
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TABU-    II 
Eclosion  ratios  'S  and  females  after  exposure  to  air,  oxygen,  nitrogen  or  carbon  dioxide 


(  ,,l- 

Larva-in-cocoon  stage 

\Vhite  pupa  stage 

1  At. 

1  At. 

I  At. 

2  At. 

eclosion 
ratio 

no. 
counted 

eclosion 
ratio 

no. 

counted 

eclosicm 
ratio 

no. 
counted 

eclosion 
ratio 

no. 
counted 

Air 

<? 
9 

.91 
.92 

54 
64 

.77 
.82 

44 
50 

.90 
.90 

93 

112 

.64 
.68 

55 
111 

Oxv.uen 

<7 

9 

.92 
.92 

52 
75 

.85 
.86 

54 
56 

.55 

.35 

145 
124 

.03 
.01 

77 
74 

Nitrogen 

d1 

9 

.87 
.87 

76 
103 

.91 
.90 

45 
40 

.92 
.93 

102 
99 

.82 

.75 

60 

87 

Carbon 
dioxide 

<? 
9 

.85 
.91 

106 

155 

.83 
.95 

40 
59 

.67 

.46 

161 
213 

.23 
.09 

64 

57 

dioxide-treated  pupae,  some  continued  to  develop  to  the  pigmented  pupal  stage 
before  becoming  arrested  while  others  lagged  for  a  few  days  as  white  pupae. 
Oxygen-treated  pupae  appear  to  be  affected  more  than  comparable  pupae  exposed 
to  carbon  dioxide. 

Following  exposure  for  five  minutes  to  two  atmospheres  of  nitrogen  or  to  two 
atmospheres  of  oxygen,  25  white  pupae  were  placed  in  each  Warburg  flask  and 
oxygen  uptake  measured.  Oxygen  uptake  was  recorded  in  terms  of  the  displace- 
ment of  the  Brodie's  fluid,  which  serves  sufficiently  well  for  comparison  of  the 
effects  of  the  gases.  Upon  repetitions  of  this  experiment  flasks  used  to  measure 
oxygen-treated  pupae  were  used  to  measure  the  oxygen  consumption  of  nitrogen- 
treated  pupae.  Since  the  same  results  were  obtained  in  all  cases,  errors  due  to 
slight  volume  differences  in  flasks  or  in  the  bore  of  the  manometer  are  irrelevant. 
Neither  two  atmospheres  of  nitrogen  nor  one  atmosphere  of  oxygen  affected  oxygen 
uptake.  Two  atmospheres  of  oxygen,  however,  resulted  in  an  immediate  and 
marked  decrease  in  oxygen  uptake  (Fig.  2).  Exposure  to  two  atmospheres  of 
carbon  dioxide  produced  only  a  slight  decrease  in  oxygen  uptake.  No  decrease  in 
oxygen  uptake  was  observed  following  exposure  of  larvae-in-cocoons  to  oxygen 
or  carbon  dioxide  at  normal  or  increased  pressure.  The  foregoing  experiment 
>hows  a  marked  and  immediate  decrease  in  the  oxygen  uptake  of  white  pupae 
exposed  to  two  atmospheres  of  oxygen.  Further  work  of  a  more  quantitative 
nature  has  been  planned. 

DISCUSSION 

Tost  studies  have  shown  that  the  metabolic  rate  of  immature  insects  is  lowered 

posure  to  low  tensions  of  oxygen    (Wiggles worth,    1^50).     Effects  of  high 

oxygen   tension  on  development  have  been   reported  by  Glass  and    1  Maine    (1952) 

wbo  found  a  slight  lag  in  eclosion  from  cocoons  without   concomitant  effects  on 

viability   tor   Drosophila  exposed  as  embryos.     The  present    work   shows  that  a 
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decrease  in  metabolism  can  be  obtained  by  exposure  to  high  tensions  of  oxygen. 
Pupae  of  Habrobracon  are  arrested  in  their  development  following  such  treatment 
and  oxygen  consumption  is  reduced.  The  development  of  pupae  of  the  Cccropia 
silkworm  is  slightly  delayed  following  exposure  to  100  per  cent  oxygen  for  21 
days  and  slightly  abnormal  adults  are  produced  (Schneiderman  and  Williams, 
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FIGURE  2.  The  oxygen  consumption  of  white  pupae  following  exposure  for  five  minutes 
to  two  atmospheres  of  oxygen  and  of  carbon  dioxide.  Ordinate :  millimeters  displacement  of 
fluid  in  the  arm  of  the  manometer.  Twenty-five  pupae  were  used  in  each  flask. 

1954).     In  neither  Drosophila  nor  Cccropia  has  treatment  with  oxygen  at  higher 
pressures  been  reported. 

Work  on  animals  as  unrelated  as  rats,  turtles  and  Drosophila  adults  has  shown 
that  younger  animals  are  more  resistant  to  injury  by  oxygen  than  older  animals 
(Williams  and  Beecher,  1944).  In  Habrobracon  this  sensitivity  is  stage-dependent, 
since  white  pupae  are  more  sensitive  than  the  younger  larvae  or  the  older  pig- 
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merited  pupae.     The  sensitivity  may  be  also  sex-dependent  since  males  are  more 
resistant  than  females. 

The  oxygen-sensitive,  white  pupal,  stage  is  also  injured  by  exposure  to  carbon 
dioxide  and  the  oxygen-resistant,  larva-in-cocoon,  stage  is  unaffected  by  carbon 
dioxide.  The  injury  from  carbon  dioxide  is  probably  not  due  to  anoxia  because 
the  duration  of  exposure  was  short.  An  effect  from  carbon  dioxide  is  indicated 
since  injury  from  two  atmospheres  of  carbon  dioxide  is  greater  than  from  one 
atmosphere.  Williams  and  Beecher  (1944)  have  shown  for  Drosophila  that  the 
toxic  effects  from  oxygen  are  increased  as  the  carbon  dioxide  tension  is  increased. 
The  present  observations  can  do  no  more  than  to  point  out  the  extreme  sensitivity 
of  Ilabrobracon  white  pupae  to  oxygen  and  to  carbon  dioxide.  Further  work  is 
necessary  to  explain  the  mechanisms  involved. 

The  authors  thank  Dr.  John  Buck  of  the  National  Institutes  of  Health  and  Dr. 
Robert  King  of  the  Brookhaven  National  Laboratory  for  their  careful  and  vigorous 
criticism  of  this  manuscript. 

SUMMARY 

1.  Groups  of  Habrobracon  were  exposed  during  post-embryonic  development 
to  air,  nitrogen,  oxygen  and  carbon  dioxide  and  studied  with  regard  to  develop- 
ment  and    oxygen    uptake.     Deleterious    effects    from    oxygen    and   from   carbon 
dioxide  were  observed  after  exposure  at  the  white  pupal  stage,  but  not  after  exposure 
at  the  larva-in-cocoon  stage.     No  deleterious  effects  from  exposure  to  nitrogen 
were  found. 

2.  Exposure  of  white  pupae  to  one  atmosphere  of  oxygen  or  carbon  dioxide 
caused  cessation  of  development  at  the  pigmented  pupal  stage  in  a  high  proportion 
of  the  individuals.     The  incidence  of  emergence  from  cocoons  as  adults  was  higher 
for  males  than  for  females.     Adults   with   wing  and   antennal   abnormalities   oc- 
curred.    Exposure  to  two  atmospheres  of  oxygen  or  carbon  dioxide  resulted  in 
greater  deleterious  effects  on  development  than  did  exposure  to  one  atmosphere. 

3.  The  oxygen  uptake  of  unpigmented  pupae  exposed  to  two  atmospheres  of 
oxygen  is  markedly  reduced.     No  such  reduction  was  observed  following  treatment 
with  two  atmospheres  of  nitrogen  or  carbon  dioxide  or  one  atmosphere  of  oxygen. 
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STUDIES  ON  THE  ACROSOME. 
III.  EFFECT  OF  CALCIUM  DEFICIENCY1 

JEAN  C.  DAN 

Misaki  Marine  Biological  Station,  Misaki,  Kanagazva-ken,  Japan 

The  idea  that  calcium  is  necessary  for  fertilization  was  clearly  formulated  by 
Jacques  Loeb  (1914,  1915),  who  suggested,  as  a  possible  explanation,  that  it  might 
be  an  ingredient  of  a  sort  of  cement  which  holds  the  sperm  to  the  egg  surface  in 
the  first  stage  of  sperm  attachment. 

A  very  different  and  more  complicated  role  in  the  fertilization  reaction  has  been 
attributed  to  the  calcium  ion  by  Heilbrunn,  as  a  corollary  of  his  general  theory  of 
stimulation  (for  summary,  see  Heilbrunn,  1937,  chaps.  IX  and  XXXVII).  In 
particular  the  work  of  his  student,  Moser  (1939),  showed  that  the  breakdown  of 
the  cortical  granules  of  sea  urchin  eggs,  which  is  the  precursor  of  membrane  eleva- 
tion and  subsequent  developmental  processes  in  normal  fertilization  and  artificial 
parthenogenesis,  does  not  occur  when  the  eggs  are  activated  in  oxalated  or  citrated 
media.  Yamamoto  (1954),  pushing  this  analysis  a  step  further,  has  found  that 
in  teleost  eggs  calcium  ions  are  necessary  for  the  propagation  of  an  invisible 
"fertilization-wave"  which  precedes  and  sets  off  the  cortical  changes.  Sugiyama 
(1953)  has  shown  that  a  similar  wave  of  excitation  occurs  on  fertilization  in  the 
sea  urchin  egg. 

This  demonstrated  importance  of  calcium  for  the  first  detectable  change  in  the 
egg  cortex  at  the  time  of  activation,  together  with  the  fact  that  spermatozoa  are 
normally  active  and  attack  the  unfertilized  egg  surface  vigorously  even  in  the 
absence  of  calcium,  has  led  to  a  general  assumption  that  the  failure  of  fertilization 
in  Ca-free  media  is  due  to  the  inability  of  the  egg  to  respond  to  the  stimulus  of  the 
spermatozoan,  rather  than  to  any  reduction  of  spermatozoan  stimulating  capacity 
in  the  absence  of  calcium. 

No  doubt  because  of  the  lack  of  a  suitable  method,  very  little  effort  seems  to 
have  been  made  to  determine  the  effect  of  calcium  deficiency  on  spermatozoa, 
although  Tyler  mentions  the  fact  that  "the  absence  of  (calcium)  interferes  with 
the  agglutination  of  sea  urchin  sperm"  (1948,  p.  210).  The  reaction  of  the  sea 
urchin  sperm  acrosome  to  egg-water  (Dan,  1952),  however,  in  which  at  least  part 
of  the  acrosomal  substance  is  released,  accompanied  by  the  projection  of  a  fibrous 
structure,  provides  one  clear-cut  criterion  for  comparing  the  effects  on  the  individual 
spermatozoan  of  various  non-fatal  experimental  conditions,  including  calcium 
deficiency. 

The  observations  presented  in  this  paper  will  show  that  calcium  deficiency 
prevents  the  acrosome  reaction  in  response  to  various  stimuli,  while  it  tends  to 
enhance  the  agglutinating  effect  of  egg-water  and  prevents  the  loss  of  fertilizing 
capacity  after  reversal  of  agglutination. 

1  This  work  was  supported  by  a  grant-in-aid  from  the  Ministry  of  Education  (Minkan 
Kenkyu  Hi). 
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MATERIALS  AND  METHODS 

Among  the  sea  urchins  easily  available  at  Misaki,  the  spermatozoa  of  the 
three  species  of  regular  sea  urchins,  Hemicentrotus  (Strongylocentrotus)  pulchcr- 
rhnns.  Anthocidaris  (Hcliocidaris)  crassispina  and  Pseudocentrotus  dcpressus, 
show  typical  reversible  agglutination  when  mixed  with  the  egg-water  of  their  re- 
spective species;  the  following  observations  were  made  on  the  gametes  of  these 
three  species. 

Kg.g.s  were  obtained  by  the  introduction  of  isotonic  KC1  into  the  body  cavity. 
In  the  case  of  "Ca-low  egg- water,"  the  animal  was  rinsed  with  Ca-free  artificial 
sea  water  and  made  to  shed  its  eggs  directly  into  this  solution.  The  egg  suspension 
was  sometimes  warmed  to  about  30°  C.  to  hasten  dissolution  of  the  jelly,  or  the 
eggs  were  centrifuged  at  2000  X  gravity  for  5  minutes  and  the  empty  jelly  hull 
suspension  warmed  to  about  50°  C.  for  a  few  minutes.  In  every  case  the  egg- 
water  was  filtered  before  use. 

Control  egg-water  solutions  were  obtained  either  by  centrifuging  the  jelly  from 
an  equivalent  volume  of  eggs  in  sea  water,  or  by  adding  sufficient  isotonic  CaCL  to 
the  Ca-low  egg-water  to  bring  its  calcium  content  to  that  of  normal  sea  water. 

Spermatozoa  were  collected  "dry"  as  shed  following  KC1  stimulation,  or  as 
they  exuded  from  excised  testes.  Care  was  always  taken  to  reduce  contamination 
by  sea  water  or  body  fluids.  In  most  of  the  experiments,  1  or  2%  of  dry  sperm 
were  suspended  in  Ca-free  solution  or  filtered  sea  water.  Spermatozoa  were 
always  freshly  suspended  immediately  before  the  addition  of  egg- water,  unless 
otherwise  specified. 

Although  many  biological  systems  are  sensitive  to  minute  changes  in  calcium 
concentration,  the  sperm  acrosome  was  found  to  be  unexpectedly  insensitive  in  this 
respect.  For  example,  in  Pseudocentrotus,  the  acrosome  reaction  was  still  sup- 
pressed in  all  sperm  at  25%  of  the  normal  calcium  concentration,  only  about  half 
the  acrosomes  reacted  at  50%  calcium  concentration,  and  response  of  all  the 
acrosomes  w-as  only  obtained  at  67 90  of  the  calcium  concentration  of  normal  sea 
water.  In  view  of  this  fact,  no  effort  was  made  in  these  experiments  to  remove 
the  last  traces  of  calcium  from  the  experimental  solutions  by  the  use  of  oxalate  or 
citrate,  and  the  term  "Ca-free"  has  therefore  been  avoided  in  referring  to  egg- 
water  solutions  and  sperm  suspensions.  However,  it  should  be  pointed  out  that 
the  calcium  content  of  these  media  was  below  the  threshold  required  for  fertilization 
to  take  place  in  them. 

As  in  the  first  study  of  this  series,  sperm  suspensions  were  fixed  by  the  addition 
of  neutralized  formalin.  Preparations  for  electron  microscopy  were  made  directly 
from  these  suspensions ;  washing  out  of  the  sea  water  salts  was  done  after  mounting 
on  the  collodion  membranes.  Some  of  the  preparations  were  shadowed  with  Cr2O;t ; 
the  electron  microscope  used  was  a  Hitachi  Standard,  operating  on  50  KV. 

RESULTS 

The  reversible  agglutination  of  the  spermatozoa  of  these  three  sea  urchin  species 

s  the  usual  pattern,  which  has  been  described  in  detail  by  Jacqus  Loeb  (1914) 

for   two   species   of   Strongylocentrotus.     While   there   are   certain   details   of  the 

agglutination  reaction  which  seem  to  be  peculiar  to  one  or  another  of  the  species 
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under  consideration,  description  of  these  will  be  omitted,  and  the  major  aspects  of 
the  reaction  common  to  all  the  species  will  be  reported.  Unless  otherwise  specified, 
the  statements  will  apply  to  all  three  species. 

Attempts  to  treat  the  agglutination  reaction  quantitatively  run  into  many  dif- 
ficulties because  of  the  lack  of  a  clear  end-point  in  the  reaction  itself  and  the  virtual 
impossibility  of  standardizing  the  reactants  (see  Goldforb,  1929a,  1929b,  1929c,  for 
a  detailed  discussion  of  individual  variation  among  sea  urchin  gametes  and  the 
effect  of  ageing  of  spermatozoa  on  agglutination).  In  order  to  report  the  phe- 
nomenon with  any  semblance  of  clarity,  therefore,  it  has  seemed  necessary  to 
disregard  the  borderline  data  and  concentrate  attention  on  the  cases  which  con- 
sistently give  positive  or  negative  results. 

Spermatozoa  suspended  in  Ca-jrcc  sea  ivatcr 

If  spermatozoa  freshly  suspended  in  Ca-free  sea  water  are  compared  under  the 
high  power  of  the  phase  contrast  microscope  with  a  similar  sample  in  ordinary  sea 
water,  a  striking  difference  is  immediately  observable  between  the  behavior  of  the 
sperm  in  the  two  suspensions.  The  majority  of  the  spermatozoa  in  sea  water  are 
either  trapped  against  the  glass  surfaces  on  their  sides  or  have  undergone  the 
acrosome  reaction  on  contact  with  the  glass  and  are  rotating  around  their  tips, 
held  by  the  acrosome  process  (Dan,  1952).  In  the  Ca-low  preparation,  on  the 
other  hand,  all  the  spermatozoa  are  found  to  be  in  vigorous  locomotion,  describing 
uniformly-sized  circles  against  the  glass  surfaces.  When  these  have  stopped 
moving  sufficiently  to  permit  close  observation,  it  can  be  seen  that  none  of  them 
has  reacted  to  the  contact  stimulus. 

A  comparison  of  Figures  1  and  2,  electron  micrographs  of  Heuiiccntrotus 
spermatozoa  in  sea  water  and  Ca-free  artificial  sea  water,  respectively,  shows  that 
there  is  no  immediate  effect  of  lack  of  calcium  on  the  sperm  structure.  Moreover, 
Figure  11  indicates  that  at  least  10  minutes'  exposure  to  a  Ca-low  medium  does  not 
produce  any  particular  change  in  the  appearance  of  the  apical  part  of  the 
spermatozoan  (compare  Fig.  8). 

There  is  a  marked  tendency  in  Ca-low  suspensions  for  the  middle  piece  to  be 
dislocated  laterally  from  its  normal  position,  and  sometimes  it .  moves  completely 
around  to  the  side  of  the  head.  This  effect  usually  appears  in  most  of  the  sperm 
after  two  or  three  minutes  in  a  Ca-low  medium  (Fig.  II).2  Such  spermatozoa 
showed  no  diminution  in  either  activity  or  fertilizing  capacity  (when  used  to 
inseminate  eggs  in  normal  sea  water). 

.  Igglutination  reaction  in  Ca-loiv  sen  water 

When  Ca-low  egg-water  is  added  to  a  suspension  of  spermatozoa  in  Ca-free 
sea  water,  the  appearance  of  the  resulting  agglutination  is  essentially  the  same  as 
that  in  sea  water,  with  the  slight  difference  that  while  practically  all  the  spermatozoa 
are  involved  in  the  clusters  at  the  height  of  the  reaction  (from  5  to  30  seconds  after 
the  addition  of  egg-water  )  in  sea  water,  a  somewhat  larger  number  of  spermatozoa 

2  In  this  particular  case  only  one  spermatozoan  shows  a  slight  shift  in  the  position  of  the 
middle  piece;  it  appears  much  more  strikingly  in  Figures  10  and  12,  in  which  the  effect  may- 
have  been  enhanced  by  the  addition  of  egg-water  (see  Discussion). 
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can  be  seen  swimming  freely  between  the  clumps  in  Ca-low  suspensions.  In  this 
medium,  also,  the  suspended  clumps  are  strikingly  regular  in  shape,  appearing  to 
be  perfectly  spherical,  in  contrast  to  the  more  irregular  masses  formed  in  sea  water 
agglutination. 

One  of  the  characteristics  of  reversible  agglutination  which  is  measurable  to 
some  extent  is  the  duration  of  clumping.  In  all  three  of  the  species  under  con- 
sideration, it  was  found  that,  in  general,  a  longer  time  was  required  in  Ca-low  than 
in  sea  water  suspensions  for  reversal  of  agglutination.  In  Hemiccntrotus  this 
effect  was  only  obtained  with  concentrated  egg-water,  such  that  in  the  sea  water 
control  a  residue  of  small,  permanently  agglutinated  clumps  was  left  after  the  bulk 
of  the  suspension  had  returned  to  a  free-swimming  state.  In  Anthocidaris,  Ca-low 
agglutination  lasted  3—1  times  as  long  as  in  the  sea  water  controls,  and  in 
Pscudoccntrotits,  about  twice  as  long. 

Another  quantitative  comparison  which  can  be  made  is  that  the  effectiveness  of 
a  given  solution  of  egg-water  falls  off  much  more  rapidly  with  successive  dilutions 
in  the  absence  of  calcium.  For  example,  a  lot  of  Ca-low  egg-water  which  causes 
just  perceptible  (with  low  power  microscopic  observation  of  1-2  cc.  of  suspension 
in  a  Syracuse  watch-glass)  agglutination  of  a  Ca-low  sperm  suspension  at  a  dilution 
of  1  :  64  may,  after  adjustment  of  its  calcium  content  to  that  of  normal  sea  water, 
cause  an  approximately  equal  agglutination  of  spermatozoa  suspended  in  sea  water 
at  a  dilution  of  1  :  512. 

In  a  sample  of  agglutinated  sperm  suspension  in  sea  \vater,  observed  between 
slide  and  cover  glass  with  high  phase  contrast  magnification,  there  are  practically 
no  free-swimming  spermatozoa,  since  the  sperm  which  are  not  involved  in  the 
clumps  are  found  held  to  one  of  the  glass  surfaces  by  their  acrosome  processes. 
In  a  sample  taken  after  reversal  of  agglutination,  nearly  all  the  spermatozoa  be- 
come attached  to  the  glass,  and  the  fact  that  their  acrosomes  have  reacted  is  clearly 
observable.  Electron  microscopical  observation  of  such  suspensions  after  fixation 
shows  all  the  spermatozoa  with  acrosome  processes  (Dan,  1952,  Fig.  1). 

In  a  similar  sample  in  Ca-free  sea  water,  however,  all  the  sperm  which  are  not 
held  in  the  clumps  are  swimming  freely,  exactly  as  in  Ca-low  suspension  before 
the  addition  of  egg-water.  Continuous  observation  of  a  small  clump  shows  that 
while  the  total  number  of  individuals  in  the  aggregation  does  not  noticeably  in- 
crease or  decrease,  there  is  a  constant  coming  and  going  of  the  peripheral  members 
of  the  cluster.  What  appears  to  be  the  same  behavior  on  a  small  scale  is  seen  in 
certain  more  or  less  radial  groupings  of  a  few  (5-10)  spermatozoa  at  a  time,  at 
fixed  points  in  the  microscopic  field  (with  the  focus  adjusted  to  the  underside  of 
the  cover  glass)  where  no  object  can  be  detected  to  form  a  center  for  such  groups. 
The  highly  active  spermatozoa  abruptly  join  the  group,  their  heads  remaining  more 
or  less  stationary  for  a  few  seconds  or  even  minutes,  although  their  tails  are 

FIGURE  1.  Electron  micrograph  of  H  emicentrotus  pulcherrimus  spermatozoa,  suspended 
for  one  minute  in  sea  water  and  fixed  with  neutralized  formalin. 

FIGURE  2.  H.  pulcherrimus  spermatozoa  suspended  in  Ca-free  artificial  sea  water  for  one 
minute,  fixed  with  neutralized  formalin. 

FIGURE  3.  Spermatozoa  of  H.  pulcherrimus  in  Ca-free  sea  water,  to  which  was  added  an 
equal  amount  of  Ca-low  egg-\vater.  Fixed  30  seconds  after  the  addition  of  egg-water,  at  the 
height  of  the  agglutination  reaction. 
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lashing  vigorously,  and  then  they  depart  as  suddenly  as  they  arrived.  In  these 
small  aggregates,  as  in  the  larger  ones,  the  number  of  spermatozoa  at  any  given 
time  does  not  change  materially.  This  behavior  continues  in  the  sample  under 
the  cover  glass  as  long  as  the  spermatozoa  remain  active,  without  respect  to  the 
reversal  of  agglutination  in  the  main  part  of  the  suspension. 

t 

Acrosome  reaction  in  Ca-low  sea  water 

The  easily  observable  fact  that  spermatozoa  in  a  Ca-low  medium  do  not  adhere 
by  their  tips  to  the  glass  surfaces,  even  in  the  presence  of  egg-water,  indicates  that 
the  acrosome  reaction  does  not  take  place  in  such  a  medium.  Phase  contrast  ob- 
servation of  individual  acrosomes  shows  them  all  to  be  identical  in  appearance  with 
those  of  freshly  shed  spermatozoa  in  pure  sea  water,  and  electron  micrographs 
confirm  this  observation  (Figs.  3,  10  and  12;  compare  with  Figs.  1  and  8). 

In  order  to  differentiate  between  spermatozoa  which  had  been  involved  in  the 
clumps  and  those  which  had  not,  a  strongly  agglutinated  suspension  was  hand- 
centrifuged  to  separate  the  clumped  sperm  from  the  freely  swimming  fraction. 
The  sedimented  clumps  were  re-suspended  in  fresh  Ca-free  sea  water  and  examined 
for  acrosome  reaction.  Both  phase  contrast  and  electron  microscopic  observation 
showed  no  difference  between  the  acrosomes  of  these  and  of  spermatozoa  in  the  stock- 
suspension  (in  Ca-low  sea  water  before  the  addition  of  egg-water). 

To  control  these  observations,  0.36  M  CaCL  was  added  to  the  Ca-low  egg-water, 
making  its  calcium  content  equal  to  that  of  normal  sea  water  (4%).  This  was 
then  mixed  with  spermatozoa  freshly  suspended  in  sea  water.  Figures  4,  5,  6  and 
7  show  electron  micrographs  of  spermatozoa  of  H.  pulcherrimus  fixed  in  pure  sea 
water,  immediately  after  the  addition  of  egg-water,  at  the  height  of  the  agglutination 
reaction  and  after  its  reversal,  respectively.  Figures  8  and  9  show  spermatozoa 
of  P.  depresses  in  sea  water,  and  30  seconds  after  the  addition  of  egg-water. 

Fertilizing  capacity  after  agglutination  in  Ca-low  medium 

The  fact  has  been  repeatedly  pointed  out  (Lillie,  1913;  Tyler,  1941)  that  inter- 
action with  an  agglutinating  agent  lowers  the  fertilizing  capacity  of  a  sperm  suspen- 
sion. The  amount  of  diminution  has  been  found  to  vary  considerably  from  species 
to  species  and  even  among  individuals  within  a  given  species,  but  in  the  writer's 
experience,  also,  there  is  always  some  reduction  in  fertilizing  capacity  following 
agglutination,  when  this  takes  place  in  a  calcium-containing  medium.  It  is  equally 
clear,  in  the  three  sea  urchin  species  under  consideration,  that  there  is  no  loss 
whatsoever  in  fertilizing  capacity  when  the  spermatozoa  are  agglutinated  in  Ca-lqw 
sea  water.  In  this  case,  also,  the  clumped  spermatozoa  were  quickly  centrifuged 
out  and  re-suspended  in  fresh  calcium-free  medium,  but  no  reduction  in  fertilizing 
capacity  could  be  found  after  reversal  of  agglutination,  either  in  these  or  in  the 


FIGURE  4.  Spermatozoa  of  H.  pulcherrimus  in  sea  water,  fixed  with  neutralized  formalin. 
Chrome-shadowed  electron  micrograph. 

FIGURE  5.  H.  pulcherrimus.  Spermatozoa  fixed  two  seconds  after  addition  of  homologous 
egg-water  to  sea  water  suspension.  Breakage  of  acrosome  filament  commonly  found  in  prepara- 
tions fixed  immediately  after  addition  of  egg-water  (see  Dan,  1952,  Figs.  4  and  5). 


342 


JEAN  C.  DAN 


FIGS.  6-7. 


STUDIES  ON  THE  ACROSOME.    III. 

free-swimming  fraction  of  the  original  suspension,  when  they  were  used  to  in- 
seminate eggs  in  sea  water. 

In  corresponding  experiments  with  H.  pulcherrinius  spermatozoa  agglutinated 
in  sea  water,  it  was  found  that  while  the  supernatant  fraction  gave  between  35  and 
70%  fertilization,  similar  dilutions  of  the  clumped-reversed  sperm  gave  between 
0  and  3%. 

DISCUSSION 

These  results  include  a  number  of  aspects  for  which  no  explanation  is  forth- 
coming at  present.  On  the  other  hand,  there  are  certain  points  which  stand  out 
with  unexpected  clarity.  The  most  striking  of  these  is  the  failure  of  a  typical 
acrosome  reaction  when  sea  urchin  spermatozoa  are  reversibly  agglutinated  by 
homologous  egg-water  in  the  virtual  absence  of  calcium  ions.  This  complete 
separation  of  the  two  reactions,  which  are  normally  elicited  simultaneously  by  the 
one  stimulus  of  egg-water,  calls  for  a  reconsideration  of  the  problem  in  more  detail. 

An  acrosome  reaction  to  the  stimulus  of  egg-water,  which  he  thought  provided 
an  explanation  for  the  reversible  agglutination  phenomenon,  was  first  reported 
by  Popa  in  1927.  Using  Janus  green-stained  Arabacia  sperm,  Popa  found  that 
a  sticky  substance  was  produced  at  the  tips  of  the  sperm  heads.  He  believed  that 
this  substance  held  the  sperm  together  in  clusters,  and  that  its  dispersion  accounted 
for  the  reversal  of  agglutination.  Improved  optical  apparatus  has  shown,  however, 
that  the  substance  (or  structure)  extruded  from  the  sperm  acrosome  has  apparently 
the  same  shape  and  adhesive  properties  long  after  the  agglutination  clusters  have 
broken  up  (Dan,  1952).  Popa's  idea  thus  loses  a 'good  deal  of  its  plausibility, 
since  it  fails  to  explain  reversibility. 

There  are,  however,  more  fundamental  faults  to  be  found  in  this  scheme,  since 
close  observation  of  reversibly  agglutinated  spermatozoa  clearly  indicates,  as 
Jacques  Loeb  (1914)  reported  forty  years  ago  (p.  127),  "...  that  the  spermatozoa 
at  the  periphery  of  a  clustev  are  in  free  progressive  rnotion.  When  the  clusters 
were  small  or  when  the  sperm  suspension  was  thin  it  was  possible  to  observe  the 
spermatozoa  which  are  in  the  center  of  the  cluster.  It  was  seen  that  the  spermatozoa 
in  the  center  also  were  in  very  lively  motion,  with  the  possible  exception  of  small 
lumps  or  groups  of  spermatozoa  which  may  have  stuck  together.  The  clusters 
reminded  the  writer  of  a  dense  swarm  of  insects  which  move  like  a  coherent  mass 
through  space.  These  clusters  move  like  one  solid  body  through  the  water,  not- 
withstanding the  fact  that  the  individual  spermatozoa  are  free  to  scatter." 

This  easily  observable  freedom  of  movement  on  the  part  of  the  agglutinated 
spermatozoa,  as  well  as  the  fact  that  the  regular  clusters  begin  to  be  formed  the 
moment  egg-water  is  introduced  into  a  sperm  suspension  and  attain  a  large  size 
within  a  few  seconds  by  the  fusion  of  smaller  clumps,  almost  certainly  rules  out 
any  possibility  that  the  acrosome  reaction  can  provide  a  physical  basis  for  re- 


FIGURE  6.  //.  pulchcrrimus  spermatozoa  fixed  20  seconds  after  acrosome  reaction.  The 
substance  which  was  extruded  has  dissipated,  exposing  the  acrosome  filament. 

FIGURE  7.  //.  pulchcrrimus  spermatozoan  fixed  three  minutes  after  addition  of  egg-water, 
30  seconds  after  reversal  of  agglutination.  The  acrosome  filament  has  the  same  appearance  as 
in  the  previous  sample,  fixed  at  the  height  of  agglutination. 
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versible  agglutination.  There  is  obviously  some  other  force  which  instantaneously 
orients  the  swimming  spermatozoa  into  groups  and  holds  them  there  for  a  pre- 
determined period,  at  the  end  of  which  they  again  become  free  to  resume  their 
independent  behavior.  Whether  this  is  a  tropistic  reaction,  as  Loeb  rather  doubt- 
fully suggested,  a  chemical  reaction  between  fertilizin  molecules  and  antifertilizin 
on  the  sperm  head,  as  Tyler  proposes,  or  some  entirely  different  sort  of  effect,  the 
writer  does  not  know. 

This  negative  conclusion,  that  the  acrosome  reaction  cannot  provide  a  causal 
explanation  of  the  regular,  oriented  clustering  found  in  reversible  agglutination, 
is  emphasized  by  comparison  with  the  process  of  irreversible  agglutination  which 
follows  exposure  to  hyperalkaline  sea  water,  some  foreign  egg-waters,  and  various 
serum-  or  other  protein-containing  solutions.  In  these  media  the  entire  spermato- 
zoan  becomes  sticky,  and  the  cells  adhere  to  each  other  at  random,  the  whole  suspen- 
sion gradually  becoming  immobilized.  As  Loeb  has  described  it  (1914)  :  "  .  .  .  the 
spermatozoa  at  first  stick  together  to  form  short  rows  or  threads ;  and  later  the 
threads  begin  to  stick  together  to  form  irregular  networks.  At  no  time  is  there 
any  appearance  of  cluster  formation." 

It  is  quite  conceivable  that  small,  regular  clusters  might  be  formed  if  each 
acrosome  should  become  only  sticky  enough  to  adhere  to  another  sticky  acrosome, :; 
but  the  time  required  for  such  cluster  formation  would  greatly  exceed  the  one  or 
two  seconds  within  which  cluster  formation  is  achieved  in  these  species,  and  such 
an  explanation  does  not  provide  at  all  for  the  addition  of  the  second  and  succeeding 
layers  of  spermatozoa,  or  for  the  fusion  of  small  clusters  to  form  large  ones. 

A  second  kind  of  evidence  dissociating  agglutination  and  the  acrosome  reaction 
is  found  in  the  fact  that  sea  urchin  acrosomes  react  to  the  non-specific  stimuli  of 
contact  with  solid  surfaces  and  hyperalkalinity,  in  neither  of  which  reversible 
agglutination  is  involved. 

In  the  third  place,  there  is  the  observation  presented  in  this  paper,  that  the 
minimum  calcium  requirement  for  reversible  agglutination  is  very  much  lower 
than  that  for  the  acrosome  reaction,  so  that  it  is  possible  to  secure  a  typical  agglu- 
tination reaction  without  any  detectable  response  of  the  acrosomes. 

Summarizing  this  evidence  against  a  causal  relation  between  the  two  reactions, 
we  find  that : 

1.  reversibly  agglutinated  spermatozoa  are  freely  moving  within  the  clusters, 
and  therefore  cannot  be  considered  to  be  held  together  by  any  substance 
released  from  the  acrosome ; 

2.  there  is  no  significant  difference,  in  either  living  or  fixed  sperm,  between  the 
appearance  of  the  acrosomes  at  the  height  of  agglutination  and  after  reversal ; 

3  This  may  be  the  explanation  of  "rosettes"  which  are  formed  by  tin-  sperm  of  some 
echinoderms  {e.g.,  Mcspilia  glolnihis}  at  the  air-water  and  water-glass  interfaces  as  a  response 
to  homologous  egg-water. 

FIGURE  8.     Spermatozoa  of  Pseudoccntrotus  dcprcssus,  fixed  after  one  minute  in  sea  water. 

FIGURE  9.     Acrosome  reaction  of  P.  dcprcssus,  in  response  to  homologous  egg-water. 

FIGURE  10.  Spermatozoa  of  P.  depresses  suspended  in  sea  water,  and  fixed  30  seconds  after 
addition  of  Ca-low  egg-water.  Note  lateral  shift  of  middle  pieces ;  this  condition  is  also 
usually  found  in  Ca-free  suspensions  before  addition  of  egg-water. 
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FIGS.  11-12. 
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3.  the  clusters  appear  almost  instantaneously  after  the  addition  of  egg- water, 
which  seems  to  preclude  the  possibility  that   they  are  formed  by  random 
acrosome-to-acrosome  collisions.     Moreover,  this  explanation  would  include 
only  the  smallest  clusters; 

4.  the  acrosomes  react  to  stimuli  which  do  not  cause  reversible  agglutination, 
such  as  contact  with  solid  objects  and  hyperalkalinity ; 

5.  in  the  virtual  absence  of  calcium,  the  stimulus  of  egg-water  causes  agglutina- 
tion without  any  acrosome  reaction. 

Another,  and  perhaps  more  important,  fact  which  emerges  from  the  results  of 
these  experiments  is  that  reversible  agglutination  without  acrosome  reaction  has 
no  effect  on  the  fertilizing  capacity  of  the  spermatozoa.  Lillie  (1913)  first  showed 
that  sperm  suspensions  which  had  been  agglutinated  by  fertilizin  had  undergone  a 
considerable  (ca.  50%)  reduction  in  fertilizing  capacity.  Tyler  (1941),  repeating 
Lillie's  work,  found  a  much  greater  loss  of  fertilizing  capacity  (p.  196)  :  "Insemina- 
tion with  amounts  of  sperm  that  were  well  above  the  control  minimum  for  100  per 
cent  fertilization  gave  in  all  tests  with  the  agglutinated  and  reversed  sperm  between 
0  and  3  per  cent  fertilization."4  Rothschild  (1947)  has  suggested  that  reversible 
agglutination  may  be  (p.  241)  "a  form  of  false  fertilization  between  spermatozoa 
instead  of  between  eggs  and  spermatozoa;  or  at  any  rate,  that  there  is  some  reac- 
tion between  the  surfaces  of  the  spermatozoa  which  is  sufficiently  similar  to  that 
which  occurs  between  an  egg  and  a  spermatozoon  to  alter  the  spermatozoon  in  an 
irreversible  manner."  Spermatozoa  which  have  thus  lost  their  fertilizing  capacity 
following  agglutination,  Rothschild  has  characterized  as  being  "muzzled"  as  the 
result  of  exposure  to  fertilizin  in  solution. 

Among  the  three  Misaki  sea  urchin  species  which  undergo  reversible  agglutina- 
tion, the  writer  has  found  considerable  variation  in  the  fertilizing  capacity  of 
reversed  spermatozoa,  especially  if  they  are  used  for  insemination  immediately 
after  reversal  of  agglutination.  However,  in  every  case  there  is  a  significant 
reduction  in  fertilizing  capacity  after  agglutination  in  normal  sea  water,  in  which 
a  majority  of  the  acrosomes  have  reacted,  and  no  reduction  at  all  when  agglutina- 
tion has  taken  place  in  a  calcium-low  medium,  where  none  of  the  acrosomes  has 
reacted. 

This  result  strongly  suggests  a  causal  linkage  between  the  acrosome  reaction 
and  the  fertilization  reaction.  Within  a  strict  time  limit,  it  appears  that  suspen- 
sions of  spermatozoa  with  intact  acrosomes  possess  full  fertilizing  capacity,  while 
in  those  in  which  the  acrosomes  have  reacted  to  such  a  stimulus  as  egg-water,  this 
capacity  is  reduced.  The  suggestion  fairly  makes  itself,  that  this  acrosome  reaction 

4  In  the.-e  experiments,  Tyler  used  very  strong  egg  water,  such  that  "agglutination 
usually  lasted  30-40  minutes"  (loc.  cit.K  Loeb  (1914)  gives  2-10  minutes  as  the  range  of 
duration  of  the  agglutination  reaction  in  the  species  used  by  Tyler  (Strongylocentrotus 
pitrpnratus}  ;  the  Misaki  species  also  fall  within  this  range.  The  possibility  should  be 
considered  that  egg-water  strong  enough  to  cause  such  extreme  agglutination  may  have 
had  a  toxic  effect  on  the  spermatozoa. 

FIGURE  11.  Spermatozoa  of  P.  dcprcssus  fixed  10  minutes  after  suspension  in  Ca-free  sea 
water. 

FIGURE  12.  Spermatozoa  of  Anthocidaris  crassispina  suspended  in  Ca-free  sea  water  and 
fixed  one  minute  after  addition  of  Ca-low  egg-water,  at  height  of  agglutination  reaction. 
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in  response  to  tVrtili/.in  is  the  "false  fertilization"  of  Rothschild,  and  its  comple- 
tion at  a  distance  from  the  egg  surface  constitutes  the  muzzling  effect  on  the 
spermatozoa. 

The  studies  of  Yamamoto  (on  fish  eggs)  and  of  Moser,  cited  above,  have 
shown  that  the  series  of  linked  reactions  constituting  activation,  the  response  of 
the  egg,  breaks  down  when  calcium  is  excluded  from  the  medium.  The  observa- 
tions proented  in  this  paper  can  be  taken  to  indicate,  however,  that  the  stimulus 
itself  is  lacking,  because  of  the  failure  of  the  acrosome  reaction,  when  insemina- 
tion takes  place  in  a  calcium-free  medium. 

Reference  was  made  earlier  to  the  change  in  position  of  the  middle  piece,  which 
often  occurs  in  all  spermatozoa  after  a  short  exposure  to  plain  Ca-low  medium, 
without  causing  any  diminution  in  the  fertilizing  capacity  of  the  suspension.  This 
same  effect  has  been  reported  by  Tyler  (1952),  who  observed  it  in  spermatozoa, 
suspended  in  sea  water,  which  had  been  exposed  to  homologous  egg-water.  Tyler 
interprets  this  as  an  evidence  of  a  general  loosening  of  the  sperm  structure,  pre- 
paratory to  the  complete  separation  of  its  parts  within  the  egg  cytoplasm.  In  this 
connection  may  be  mentioned  a  similar  relaxation  of  tension  which  occurs  in  starfish 
spermatozoa  at  the  time  of  the  acrosome  reaction  (Dan,  1954). 

It  is,  moreover,  almost  certainly  this  same  shifting  of  the  middle  piece  under 
the  influence  of  egg-water  and  various  vital  stains  which  was  observed  by  Popa 
(1927)  in  Arbacia  spermatozoa,  although  he  described  it  as  the  formation  of  a 
"lateral  body."  However,  his  drawings  show  the  middle  piece  tending  to  move 
around  the  basal  end  of  the  sperm  head,  and,  significantly,  his  final  figure  represent- 
ing the  extruded  "lateral  body"  at  the  side  of  the  nucleus,  shows  a  sperm  head 
without  any  (other)  middle  piece. 
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SUMMARY 
1.  When  sea  urchin  spermatozoa  are  suspended  in  Ca-free  artificial  sea  water, 

a)  they  show  no  morphological  change,  except  that  there  is  a  tendency  for  the 
middle  piece  to  become  "loose"  and  move  around  to  the  side  of  the  nucleus ; 

1)  i  the  sperm  swim  vigorously  and  attack  the  surface  of  unfertilized  eggs  as  in 
normal  sea  water,  but  without  being  able  to  penetrate; 

c)  they  do  not  undergo  the  acrosome  reaction  on  contact  with  glass  or  col- 
lodion surfaces. 

If  "C'a-free"  egg-water  is  added  to  such  a  sperm  suspension, 

i  '    a  regular,  reversible  agglutination  reaction  occurs,  which,  with  strong  egg- 
vater,  lasts  2 — 1  times  longer  than  in  a  corresponding  suspension  in  which 
'    •  alrium  content  is  adjusted  to  that  of  normal  sea  water; 
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b)  no  acrosome  reaction  can  be  detected  in  spermatozoa  tints  agglutinated  in 
the  virtual  absence  of  calcium ; 

c)  after   reversal   of  agglutination,    such   spermatozoa   show    no    reduction    in 
fertilizing  capacity  when  used  to  inseminate  unfertilized  eggs  in  sea  water. 
This  is  in  marked  contrast  to  the  sea  water  control,  in  which  there  is  a 
significant  loss  in  fertilizing  capacity  following  agglutination. 

3.  It  is  concluded  that: 

a)  the  agglutination  reaction  and  the  acrosome  reaction  must  be  considered  to 
be  separate  phenomena,  both  occurring  in  response  to  the  stimulus  of  egg- 
water,  but  not  causally  interrelated; 

b)  in  view  of  the  fact  that  fertilizing  capacity  is  retained  to  the  full  extent  by 
sperm  suspensions  in  which  the  acrosomes  remain  intact,  and  is  at  least 
partially  lost  following  mass  acrosome  reaction,  this  acrosome  reaction  must 
play  an  important  role  in  the  process  of  fertilization. 
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ACTION  OF    AQUEOUS  EXTRACT  OF  BEEF  SPLEEN  ON  CELLS  OF 

SARCOMA  37  ASCITES1 

[RENE  i  OREY  D1LLER,  GEORGE  F.  WATSON2  AND  MARY  E.  FISHER 

Institute  for  Cancer  h'esearel:.  Philadelphia   11,  /'<;.  and  Marine  liwlixjical  Laboratory, 

II  'nods  Hole,  Muss. 

All  inhibitory  action  of  beef  spleen  extract  on  growth  of  sarcoma  180  and 
mammary  carcinoma  of  the  mouse  has  been  reported  by  Lewisohn  (1938,  1945)  ; 
of  mouse  sarcoma  37  and  methylcholanthrene-induced  sarcomas  by  Diller  and 
Watson  (1949)  ;  and  of  Brown-Pearce  carcinoma  of  the  rabbit  by  Nuttini  ct  al. 
(  1''51  ).  The  mouse  tumors  studied  by  Diller  and  \\'atson  (  1949)  showed  degen- 
erative cell  changes  resulting  in  shrunken  bean-shaped  nuclei  and  vacuolated 
cytoplasm  at  certain  concentrations  and  dose  levels,  but  no  damage  could  be 
detected  in  normal  tissues  of  the  treated  mice.  MacFarlane  and  collaborators 
(1948)  reported  similar  degenerative  changes  when  cells  of  certain  spontaneous 
tumors  were  stored  in  concentrated  aqueous  spleen  extract  for  varying  lengths  of 
time  at  5°  C.,  which  led  them  to  believe  that  spleen  extract  could  have  a  direct 
cuolytic  action.  More  recently  Katzberg  (  1952)  incubated  fragments  of  sarcoma 
180  and  of  normal  mouse  tissues  at  37°  C.  in  Parker's  medium  and  in  medium 
containing  either  Rockland  mouse  spleen  extract  or  Rockland  mouse  spleen  pulp. 
Both  malignant  and  non-malignant  tissues  remained  viable  in  Parker's  medium  for 
ten  days  or  longer.  Splenic  preparations  apparently  produced  an  agent  which 
accelerated  cytolysis.  Maximum  sensitivity  to  this  agent  was  shown  by  sarcoma 
180  (total  destruction  of  cells  in  48  hours)  and  maximum  resistance  by  normal 
tissues  of  the  Rockland  mouse. 

Our  experiments  (1(M-1M  with  trocar-implanted  or  chemically  induced  tumors 
indicated  that  regression  was  accompanied  by  a  marked  inflammatory  reaction  in 
the  vicinity  of  the  tumor  and  an  upsurge  of  mitotic  activity  in  the  organs  of  the 
hemopoietic  system;  a  direct  destructive  action  could  not,  therefore,  be  ascribed  to 
the  splenic  extracts  which  we  employed.  Neither  do  such  in  ritro  experiments 
as  those  of  Katzberg  (1952)  offer  clear-cut  proof  of  direct  cytolytic  action,  since 
under  the  conditions  of  his  experiments,  untreated  tumor  tissues,  as  well  as  normal 
tissue  controls,  were  undergoing  degeneration  from  the  outset,  and  the  effect  of  the 
extract,  though  more'  rapid  in  the  case  of  tumor  tissue,  was  largelv  an  acceleration 
of  degenerative  change.  The  most  convincing  evidence  of  direct  effect  in  Katz- 
berg's  experiments  was  the  occurrence  of  metaphase  block  in  sarcoma  180  during 
the  first  24  hours  after  exposure  to  his  splenic  preparations. 

Tn  the  hope  that  additional  light  could  be  thrown  on  the  action  of  spleen  extract 

lirect    contact    with   tumor  cells,   further  experiments   were   carried   out   in  this 

laboratory  using  the  ascites  form  of  sarcoma  37,  the  solid  form  of  which  had  been 

studied  previously  in  this  connection   (  1  Hller  and  Watson, 
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MATERIAL  AND  METHODS 

Albino  mice,  6  to  8  weeks  of  age,  both  males  and  females,  of  the  special  Swiss 
strain  maintained  in  the  main  colony  of  our  Institute  were  inoculated  intraperi- 
toneally  with  one  cc.  of  sarcoma  37  ascites  tumor.  The  growth  was  allowed  to 
develop  for  three  days,  when  abdominal  swelling  could  be  observed  visually.  A 
sample  of  the  ascites  fluid  (see  Fig.  1)  was  withdrawn,  diluted  1:200  in  saline 
solution  and  counted  in  a  hemacytometer.  The  animals  were  then  injected  intra- 
peritoneally  with  a  single  dose  (one  cc.)  or  with  4  doses  (0.25  cc.  each)  of  varying 
concentrations  (50  mg.,  100  ing.,  and  150  mg.  of  solids/ml.)  of  crude  aqueous 
cell-free,  beef  spleen  extracts  (not  commercially  available)  obtained  through  the 
courtesy  of  the  Eli  Lilly  Company,  or  prepared  at  the  Kitchener  Clinic  and  proc- 
essed in  Philadelphia  by  the  McNeil  Laboratories.3  In  the  Kitchener  Clinic  the 
extract  is  prepared  by  mincing  400  grams  of  fresh  calves'  spleen  under  sterile 
conditions  and  extracting  it  in  1000  cc.  of  sterile  saline  at  33°-35°  C.  Approxi- 
mately 400  cc.  of  the  supernatant  is  decanted  after  four  weeks  and  passed  through 
a  Seitz  filter.  Details  of  preparation  and  clinical  use  will  be  treated  in  a  forth- 
coming paper  under  the  authorship  of  the  medical  member  of  the  group  (G.  F.  W.). 
Control  animals  received  corresponding  amounts  of  sterile  salt  solution.  The 
extracts  were  found  to  be  very  unstable,  even  though  prepared  and  maintained 
constantly  at  temperatures  just  above  freezing.  Color  change  from  red  to  dark 
brown  usually  accompanied  loss  of  potency. 

Ascitic  fluid  was  withdrawn  from  each  mouse  at  intervals  of  6,  24  and  48  hours 
after  spleen  extract  injection  for  hemacytometer  counts.  Similar  counts  were  made 
of  control  mice  that  had  received  neither  spleen  extract  nor  saline  solution,  in  order 
to  determine  whether  the  cell  population  was  affected  by  repeated  withdrawals. 
This  was  apparently  not  the  case,  since  the  cell  count  remained  essentially  static. 
Permanent  preparations  of  each  sample  were  fixed  in  Allen's  or  Carnoy's  fluid  and 
stained  with  Feulgen-fast  green  for  differential  counts.  Detailed  phase  contrast 
studies  were  made  also  of  living  cells  stained  with  neutral  red  to  aid  in  detection  of 
degenerating  nuclei,  after  the  method  of  Goldie  and  Felix  (1951). 

OBSERVATIONS 

Cell  count.  The  most  striking  result  was  the  decrease  in  tumor  cell  population 
following  spleen  extract  injection  (see  Table  I).  This  was  accompanied  by  subsi- 
dence of  the  ascites  swelling.  Stained  smears  of  the  residual  fluid  (usually  less 
than  0.5  cc.  after  48  hours)  revealed  small  clumps  or  islands  of  cells  as  indicated 
in  Figure  3,  which  presumably  served  as  centers  for  formation  of  solid  masses. 
Some  control  animals  also  developed  solid  tumors  or  sheets  of  tumor  cells  on  the 
peritoneum,  but  there  was  never  any  regression  of  the  ascites  swelling  in  un- 
treated mice. 

The  reduction  in  number  of  tumor  cells  observed  in  our  experiments  was  appar- 
ently in  part  the  consequence  of  infiltration  of  leucocytes  and  histiocytes,  by  which 
the  tumor  cells  were  phagocytized,  in  part  of  cessation  of  mitosis,  and  in  part  of 
cellular  degeneration  (see  table  of  differential  counts). 

3  The  authors  wish  to  thank  Dr.  Paul  N.  Harris  of  the  Eli  Lilly  Company  and  Mr.  Robert 
McNeil,  Jr.,  of  the  McNeil  Laboratories,  for  their  interest  and  assistance. 
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TABLE  I 

Cell  count  per  cc.  of  sarcoma  37  ascites  fluid  (Average  of  20  animals) 


Spleen  inj. 
One  cc.  of  150  mg.  cone. 

Saline  inj. 
One  cc. 

Uninjected 

Pre-inj. 
6  hrs.  post-inject. 
24  hrs.  post-inject. 
48  hrs.  post-inject. 

50.2  X  106 
30.2  X  106 
21.2  X  10" 
26.0  X  106 

54.0  X  106 

53.5  X  106 
50.3  X  10« 
51.7  X  10fi 

54.9  X  106 
54.5  X  106 
53.7  X  106 
51.2  X  106 

Mitotic  phenomena.  Counts  of  1000  cells  per  specimen  were  made  on  stained 
preparations  of  fluid  withdrawn  prior  to  spleen  extract  injection,  and  at  6  hours, 
24  hours,  48  hours  and  72  hours  post-injection.  An  average  of  3.6%  of  the  tumor 
cells  were  in  mitosis  just  hefore  treatment.  In  many  individuals  no  mitotic  figures 
at  all  could  he  observed  6-24  hours  after  injection  of  spleen  extract,  and  in  all 
individuals  there  was  a  decreased  percentage  of  cells  in  mitosis  (see  Table  II). 
When  one  cc.  of  spleen  extract  (150  mg.  of  solid/cc.)  was  administered  in  a  single 
dose,  mitotic  activity  was  suppressed  for  at  least  48  hours,  but  if  smaller  doses  of 
extract  were  given,  it  was  necessary  to  repeat  them  at  6-hour  intervals  in  order 
to  achieve  this  result. 

TABLE  II 

Differential  count,  based  on  1000  cells  per  mouse*  per  sample 


Treatment  : 

Mitosis 
% 

Necrosis 
', 

Polvmorphs 

% 

Lymphs 

% 

Tumor  cells 
(non-dividing) 
% 

Pre 

6h 

24  h 

48  h 

Pre 

6h 

48  h 

Pre 

6h 

24  h 

48  h 

Pre 

6h 

24  h 

48  h 

Pre 

6h 

24  h 

48  h 

Spleen  extract 
50  mg./ml. 

3.1 

0.3 

0.0 

0.2 

0.4 

1.5 

3.8 

17.5 

39.8 

59.7 

32.4 

3.0 

10.0 

13.6 

24.0 

76.0 

48.4 

26.7 

39.6 

Spleen  extract 
150  mg./ml. 

3.7 

1.4 

1.4 

0.1 

0.4 

0.4 

60.1 

20.9 

28.8 

40.0 

24.9 

4.4 

4.3 

6.0 

9.4 

70.6 

65.1 

52.6 

5.5 

Saline  inj. 

3.9 

3.5 

3.6 

3.7 

1.1 

0.2 

1.5 

20.3 

16.8 

18.1 

19.4 

8.5 

7.5 

9.7 

6.1 

66.2 

72.0 

68.6 

69.3 

Non-inj.  controls 

3.6 

3.4 

3.8 

3.8 

1.3 

1.2 

2.9 

13.0 

13.9 

18.9 

16.2 

9.5 

10.2 

9.9 

10.8 

72.6 

71.3 

68.3 

66.3 

*  20  mice  in  each  group. 

Blood  cell  counts. 

a.  In  peritoneal  fluid.  The  number  of  polymorphonuclear  leucocytes  increased 
immediately  after  spleen  injection  in  all  cases  (Fig.  2),  and  continued  to  rise  for 
about  30  hours,  then  gradually  returned  to  the  level  of  the  controls  as  shown  in 
Table  1 1 .  There  was  an  accompanying  increase  in  percentage  of  lymphocytes, 
which  persisted  into  the  48-hour  period.  The  lymphocytic  count  agrees  with  that 


FIGURE  1.  Smear  preparation  of  untreated  control,  three  days  after  inoculation  into  the 
peritoneal  cavity.  Ca.  800  X. 

FIGURE  2.  Smear  preparation  of  ascitic  fluid  withdrawn  from  the  same  mouse  24  hours 
after  intraperitoneal  injection  of  spleen  extract  (50  mg./ml.).  Only  two  tumor  cells  remain  in 
a  comparable  field;  the  remainder  of  the  cell  population  is  made  up  of  leucocytes.  Ca.  800  X. 


354      IRKNK  CORE^i    DILLER,  (iKORCE  K  WATSON  AND  MARY  E.  FISHER 


observed  when  solid  tumors  were  treated  with  spleen  extract  as  described  in  an 
earlier  paper  (  Diller  and  Watson,  1949).  Macrophages  and  other  histiocytes 
were  present  also  in  the  ascitic  fluid,  but  there  was  no  significant  change  in  number 
of  these  cells  following  spleen  injection,  as  was  the  case  with  solid  tumors  (Diller 
and  Watson,  1949;  Lewisohn.  1938,  1945). 

b.  Peripheral  Mood.  A  comparison  of  the  effect  of  injection  of  spleen  extract 
on  the  peripheral  blood  picture  (tail  vein  samples)  of  tumor-bearing  and  non- 
tunmr-bearing  mice  appears  in  Table  III. 

TABLK   III 
Peripheral  (tail  vein)  leucocyte  count'  (Average  of  20  mice) 


Mouse  strain 

Tumor-  or 
non-tumor- 
bearing 

Treatment 

Route  of  inj. 

Duration  of 
treatment 

W.B.C. 
count  -mm.3 
1:20  dil. 

Swiss 

Swiss 

Non-tumor 

— 

— 

— 

15,459 

Non-tumor 

Spleen  ext. 
150  mg./cc. 
1  cc.  daily 

I.P. 

6  days 

15,740 

S\\  iss 
Swiss 

S-37  solid 
7  days  post- 
implant. 

~ 

~ 

21,990* 

S-37  solid 
7  days  post- 
implant 

Spleen  ext. 
100  mg./cc. 
1  cc.  daily 
beg.  4th  day 
post-implant. 

I.P. 

24  hrs. 
72  hrs. 

30,060 
32,530 

S\\"iss 

S-37  ascites 
5  days  post- 
implant. 

" 

18,500 

S-37  ascites 
5  days  post- 
implant. 

Spleen  ext. 
150  mg./cc. 
1  cc.  on  3rd  day 
post-implant. 

I.P. 

48  hrs. 

39,120 

*  Data  from  an  earlier  experiment  (1949).  Fekete  in  Biology  of  the  Laboratory  Mouse,  1941, 
p.  94,  reported  an  average  peripheral  count  (based  on  unpublished  data  of  Law  and  1  lesion)  ot 
21,510  for  tumor-bearing  Bagg  albinos. 

Percentage  oj  viable  tumor  cells.  The  percentage  of  non-dividing  tumor  cells 
before  and  after  injection,  based  on  a  count  of  1000  cells  per  preparation,  is  also 
shown  in  Table  II.  Animals  injected  with  the  Lilly  extract  showed  an  average 
decrease  in  number  of  tumor  cells  from  76' ;  before  injection  to  26.7%  at  24  hours. 
This  \vas  apparently  due  to  several  factors — dispersion  of  cells  by  reason  of  infil- 
tration of  leucocytes,  cessation  of  mitosis,  and.  as  indicated  by  uninjected  controls, 
to  slight  lowering  of  cell  numbers  by  daily  withdrawal  of  fluid.  With  the  fall  ot 
the  leucocyte  count  at  4S  hours  and  resumption  of  mitosis,  the  tumor  cell  count 
per  1000  c(.Hs  was  increased  to  39.6%.  Following  the  injection  of  an  extract 
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FIGURE  3.  Smear  preparation  of  aseitic  fluid  from  the  same  mouse  72  hours  after  intra- 
peritoneal  injection  of  spleen  extract.  Small  solid  tumors  are  beginning  to  form  around  islands 
made  up  of  aggregations  of  tumor  cells  and  leucocytes.  Ca.  400  X. 

Kii.ruK  4.  Smear  preparation  of  aseitic  fluid  from  a  m<>u>c  48  hours  after  intraperitoneal 
injection  of  spleen  extract  (150  mg-./ml. )  showing  total  degi-iu-ration  of  almost  all  tumor  cells. 
(In  such  cases  only  about  5%  of  the  tumor  cells  remained  viable.)  Ca.  1100  X. 
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containing  approximately  150  ing.  of  solids  ml.,  the  percentage  of  apparently 
viahle  tninor  cells  remained  very  lo\v  at  4S  hours  (only  5.5^  bad  a  normal  appear- 
ance; see  Fig  since  most  of  the  cells  were  shrunken  and  coagulated. 

Morplioloi/ictil  clunu/cs.  The  degenerating  tumor  cells  just  mentioned  showed 
cytological  changes  consisting  of  nuclear  shrinkage  and  pycnosis  and  vacuolization 
of  the  cvtoplasin.  These  changes  are  essentially  the  same  as  those  observed  in 
-olid  tumors  on  the  third  day  after  beginning  of  spleen  injection  (I)iller  and 
\\'atson.  1949)  and  those  reported  by  AlacFarlane  (1'HS)  after  storage  of  tumor 
cells  in  concentrated  spleen  extract.  Xo  evidence  of  interference  with  the  spindle 
mechanism  was  ol (served  in  our  experiments  with  ascites  tumors,  though  Katzberg 
(  l('52i  re](orted  this  phenomenon  as  occurring  in  the  first  24  hours  of  storage  in 
his  splenic  preparations,  and  the  percentage  of  multipolarity  was  increased  in  solid 
3-37  treated  hy  us  with  low  concentrations  (  Diller  and  XYatson,  1^49). 

Suri'lntl.  Maximum  survival  time  was  attained  hy  injecting  0.25  cc.  of  the 
Lilly  extract  four  times  daily  at  ((-hour  intervals,  beginning  either  immediately 
after  inoculation  of  the  host  with  ascites  tumor,  or  on  the  third  day  post-inoculation. 
This  induced  regression  of  the  ascites  swelling  in  In  out  of  60  animals  treated, 
though  solid  masses  persisted  in  the  abdominal  cavities  of  these  mice.  Large 
single  masses  were  not  noticeably  affected  by  continued  spleen  extract  injection, 
but  grew  like  a  trocar-introduced  solid  tumor,  resulting  in  death  of  10  of  the  16 
solid-tumor-bearing  animals  in  from  18-24  days  (mean  survival  20.7  days).  Con- 
trol animals  bearing  untreated  ascites  tumors  died  7-9  days  (mean  7.1  days)  after 
inoculation.  In  the  group  of  K)  mice  in  which  solid  tumors  developed,  complete 
resorption  of  smaller  masses  was  induced  in  6  animals  under  continued  spleen 
therapy.  The  host  animals  were  still  tumor-free  six  months  later,  when  they  were 
sacrificed.  It  will  thus  be  seen  that  even  the  most  effective  samples  of  extract  with 
respect  to  mitotic  inhibition  and  tumor  cell  destruction  did  not  improve  the  chance 
of  survival  of  the  host  unless  the  ascitic  fluid  was  absorbed  and  the  neoplasm  con- 
verted to  the  solid  form.  ( .  )f  these  solid  tumors,  about  one-third  regressed  under 
continued  spleen  extract  injection.  Since  the  fate  of  small  solid  sarcoma  37  in  mice 
treated  with  similar  spleen  extracts  is  already  known  (  Diller  and  \Yatson,  1949) 
further  studies  on  larger  numbers  of  animals  were  not  carried  out. 

In  most  of  our  experiments  ascites  swelling  was  already  visible  when  treatment 
was  begun.  This  procedure  was  followed  in  order  to  ensure  actual  presence  of 
neoplasia.  However,  studies  were  made  also  on  the  effect  of  injecting  the  extract 
prior  to  inoculation  with  ascites  fluid.  If  no  further  spleen  extract  injections  were 
made  after  inoculation  of  the  tumor,  the  course  of  development  was  unaffected. 
(  )n  the  other  hand,  when  injection  of  the  extract  was  resumed  on  the  dav  of  inocula- 
tion (»f  the  tumor,  all  the  animals  died  with  hemorrhage  in  the  peritoneal  cavitv  before 
ascites  swelling  appeared.  Xon-tumor-bearing  control  mice  suffered  no  casualties 
\\hen  subjected  at  the  same  time  intervals  to  interrupted  dosage  of  the  same  mag- 
nitude. Simultaneous  injection  of  extract  into  the  peritoneal  cavitv  of  mice  at  tin- 
nine  ot  tumor  inoculation  did  not  prevent  the  development  of  the  ascites  tumor. 

I  )lS(TSSION 

'I  here-  arc-  two  types  ol  reaction  to  injection  -of  the  splenic  extract  into  mice 
bearing  sarcoma  37  ascites: 
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1.  An  inflammatory  one  involving  a   sharp  increase  in  the   number  of  poly- 
morphonuclear  leucocytes  (Fig.  2)  and  a  less  marked,  but  more  persistent,  increase 
in  the  number  of  lymphocytes  present  in  the  ascitic  fluid.     The  same  phenomena 
were  observed  in  the  case  of  mice  bearing  solid  sarcoma  37   (Diller  and  Watson, 
1949),  since  on  the  third  day  after  beginning  of  treatment  there  was  considerable  in- 
filtration of  the   tumor   tissue   by   leucocytes,   including   an   increased   number   of 
macrophages. 

2.  Inhibition  of  mitosis  in  all  of  the  tumors  and  varying  amounts  of  necrotic 
change    (depending  on  the  sample  of  spleen  extract  employed)    with  consequent 
reduction  in  tumor  cell  population  accompanied  by  formation  of  small  solid  tumors. 

In  addition  to  reports  of  spleen-extract-induced  regression  of  already  developed 
tumors,  noted  at  the  beginning  of  this  article,  there  have  been  numerous  accounts 
of  the  inhibitory  effect  of  spleen  extract  on  establishment  of  tumor  transplants  or  on 
experimental  tumor  induction.  For  example,  Sugiura  (1938)  found  that  aqueous 
extracts  of  several  organs  of  the  rat  had  a  depressant  action  on  growth  of  mouse 
sarcoma  180  and  on  Flexner-Jobling  rat  carcinoma  when,  prior  to  implantation, 
the  tumor  fragments  were  stored  in  the  extracts  at  4-5°  C.  before  implantation  into 
mice.  He  reported  also  cessation  of  mitosis  in  vitro  with  degenerative  nuclear 
changes  under  the  same  experimental  conditions. 

Yun  (1950a,  1950b,  1950c)  reported  that  pre-injection  of  mice  with  splenic 
extract  inhibited  development  of  tumors  in  mice  painted  with  methylcholanthrene 
and  also  that  extirpation  of  the  spleen  from  A  strain  mice  furthered  the  development 
of  methylcholanthrene  tumors. 

When  Nuttini  (1951)  pre-injected  rabbits  with  rabbit  spleen  pulp  or  cell-free 
filtrate  thereof,  66%  of  the  host  animals  were  protected  against  development  of 
Brown-Pearce  carcinoma.  Therapeutic  administration  of  the  filtrate  also  induced 
total  regression  in  a  significant  percentage  of  the  animals  treated. 

In  1952  Foley  reported  retardation  and/or  regression  of  lymphosarcoma  in 
C3H  mice  implanted  subcutaneously  with  cell  suspensions  of  spleen  from  an  alien 
mouse  strain.  Also  according  to  Lorenz  et  al.  (1953),  spleen  shielding  and  bone 
marrow  injections  effectively  protect  mice  against  x-ray  induction  of  lymphoid 
tumors.  When  C57  Black  mice  were  given  four  doses  of  225  r  without  spleen 
protection  70%  of  the  mice  developed  lymphoid  tumors  but  after  the  same  amount 
of  irradiation  in  a  spleen-shielded  group  tumors  appeared  in  only  3%  of  the  animals. 
On  the  basis  of  studies  of  tumor  tissue  and  spleen  tissue  grown  in  vitro  Pollard 
and  Bussell  (1953)  showed  that  spleen  tissue  from  the  host  asserted  no  destructive 
effect  on  its  own  tumor  tissue  though  similar  tissue  from  the  spleen  of  a  rat  that 
had  sloughed  a  tumor  had  a  rapid  destructive  effect. 

That  the  inhibition  of  mitotic  processes  is  not  confined  to  neoplastic  tissue  in 
contact  with  splenic  extract  was  indicated  by  Fardon  et  al.  (1948)  who  reported 
partial  inhibition  of  mitosis  in  vivo  in  the  crypts  of  Lieberkiihn  of  mice  injected 
with  beef  spleen  extract;  and  Hoffman  (1940)  found  that  extract  of  kidney,  spleen, 
liver  and  lung  definitely  inhibited  growth  of  fibroblast  colonies  in  vitro. 

Rohdenburg  and  Nagy  (1937)  showed  that  both  inhibitory  and  stimulatory 
materials  are  present  in  rabbit  and  human  spleen.  The  inhibitory  agent  was  found 
in  the  initial  acetone-soluble  fraction.  In  our  earlier  experiments  (1949)  spleen, 
liver,  thymus,  lymph  nodes  and,  occasionally,  adrenal  tissues  of  the  treated  mice 
were  stimulated  to  mitotic  activity  by  doses  that  were  capable  of  causing  regression 
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of  solid  tumors.  This  led  us  at  that  time  to  postulate  that  the  suppressive  effect 
on  tumors  was  probably  due,  not  to  direct  cytolysis,  but  to  stimulation  of  the 
hemopoietic  organs  and  the  adrenal  cortex.  Furthermore,  extract  of  low  con- 
centration appeared  to  stimulate  mitosis  in  solid  tumors,  resulting  in  polyploid 
cells  (as  judged  by  numbers  of  nucleoli)  and  multipolar  spindles.  It  is  possible 
that  these  were,  in  fact,  damaged  cells  which  would  eventually  have  become 
inviable.  Bearing  on  this  point  are  the  findings  with  respect  to  ascites  tumors  in- 
jected with  the  50  mg./ml.  concentration  (Table  II)  where  inhibition  of  mitosis 
was  obtained  more  rapidly  with  the  low  than  with  the  high  concentration.  How- 
ever, the  150  mg./ml.  preparation  produced  drastic  cell  damage  and  eventual 
destruction  of  a  much  higher  percentage  of  tumor  cells  (only  5.5%  viable  after  48 
hours)  though  the  host  animals  usually  did  not  survive  more  than  an  additional 
day  and  died  ahead  of  the  controls.  Non-tumor-bearing  control  mice  tolerated 
injections  of  the  same  magnitude  without  adverse  reaction,  which  suggests  that 
toxic  substances  were  being  released  by  the  degenerating  cells.  Klein  (1951)  re- 
ported that  if  cells  are  damaged  before  or  after  introduction  into  the  peritoneal 
cavity,  the  course  of  events  will  be  the  same  as  though  low  cell  numbers  were 
originally  injected,  i.e.,  there  occurs  a  very  intense  inflammatory  reaction  after 
which  tumor  cells  disappear  completely  from  the  peritoneal  fluid,  or  are  present 
in  relatively  low  numbers  and  the  animals  die  much  later  with  solid  tumors. 
Apparently  this  is  what  occurred  in  our  own  experiments  in  10%  of  the  animals. 

Cook  and  collaborators  (1951)  attempted  to  determine  the  mechanism  by  which 
tissue  extracts  operate  in  growth  processes  and  reported  that  spleen  extract  has 
an  inhibiting  effect  on  certain  enzyme  systems  known  to  function  in  cellular  respira- 
tion. Aqueous  homologous  cell-free  spleen  preparations  were  the  most  effective 
in  stimulating  oxygen  uptake.  Water-soluble  spleen  extract  caused  depression 
in  various  concentrations,  except  those  from  25-10  mg./ml.,  which  produced 
stimulation.  In  general,  neoplastic  tissues  showed  greater  changes  than  did 
normal  tissues. 

Whether  or  not  splenic  extract  exerts  a  direct  cytolytic  action  on  tumor  cells 
is  still  not  proven  since  the  evidence  from  ascites  tumors  is  that  the  host  participates 
through  leucocytic  response.  However,  the  experiments  herein  described  or  re- 
viewed appear  to  indicate  that  there  are  substances  present  in  splenic  extract 
capable  of  suppressing  mitosis  for  varying  periods  of  time  and  of  inducing  cytolysis 
in  tumors,  while  at  the  same  time  stimulating  the  hemopoietic  system  of  the  host. 

SUMMARY 

1.  The  injection  of  a  single  dose  of  aqueous  beef  spleen  extract  containing  50 
mg.-150  mg./ml.   of   solid   materials   directly   into   the   peritoneal   cavity   of   mice 
bearing  ascites  sarcoma  37  resulted  in  inhibition  of  mitosis  for  a  period  of  at  least 
48  hours,  and  in  some  cases  in  complete  cessation  of  mitosis  that  persisted  for  even 
longer  periods.     Mitotic  inhibition  was  accompanied  by  a  marked   inflammatory 
reaction.     Cell  counts  per  cc.  of  ascites  fluid  were  lowered  and  the  percentage  of 
viable  tumor  cells  decreased,  partly  as  the  result  of  cessation  of  mitosis  and  necrotic 
change,  and  partly  through  dilution  with  white  blood  cells. 

2.  The  reduction  of  tumor  cell  population  was  accompanied  by  the  aggregation 
of  tumor  cells  into  islands  which  presumably  served  as  centers  for  the  formation  of 
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solid  tumors.  When  the  tumor  masses  thus  formed  were  large,  no  regression  was 
observed,  though  survival  time  was  considerably  lengthened ;  however,  small  masses 
were  completely  resorbed  under  continued  spleen  extract  therapy  in  a  third  of  the 
animals  whose  tumors  had  become  solid  under  spleen  extract  injection  (10%  of 
the  total  number  of  animals  treated).  No  reduction  in  ascites  swelling  unac- 
companied by  the  formation  of  solid  tumors  was  observed. 
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It  has  long  been  known  that  insects  possess  contact  chemical  receptors  which 
enable  them  to  select  desirable  and  reject  undesirable  foods.  Earlier  studies  on 
the  locations  of  these  receptors  are  reviewed  by  Frings  and  Frings  (1949)  and 
on  the  functions  by  Dethier  and  Chadwick  (1948).  One  of  the  many  problems 
evolved  from  these  studies  is  whether  stimulation  of  gustatory  receptors  is  due  to 
absorption,  in  which  the  stimulating  substance  penetrates  the  exoskeleton,  or  to 
adsorption,  in  which  the  substance  adheres  to  the  surface  of  the  taste  receptor. 
Dethier  (1951)  suggests  that  penetration  is  most  important  by  stating  that  the 
limiting  mechanism  in  tarsal  chemoreception  probably  involves  a  two-phase  system, 
in  which  highly  water-soluble  compounds  gain  access  to  the  receptor  through  an 
aqueous  phase  and  the  larger  lipoid-soluble  molecules  chiefly  through  a  lipoid  phase. 

A  likely  hypothesis,  if  penetration  is  involved,  would  be  that  the  higher  the 
temperature,  within  limits  of  death,  the  faster  the  penetration  and  the  lower  the 
threshold.  Conversely,  the  lower  the  temperature,  the  slower  the  penetration  and 
the  higher  the  threshold.  If,  on  the  other  hand,  adsorption  is  involved,  the  negative 
temperature  coefficient,  other  factors  being  equal,  would  cause  the  threshold  to  be 
lower  at  lower  temperatures  and  higher  at  higher  temperatures.  The  present 
study  was  an  attempt  to  answer  this  absorption-adsorption  question  by  testing  the 
effects  of  temperature  on  the  sucrose  threshold  of  the  tarsal  chemoreceptors  of  the 
flesh  fly,  Sarcoplnnja  bnlhila. 

MATERIALS  AND  METHODS 

The  flies  were  reared  in  the  laboratory  as  described  by  Frings  and  Frings 
i  i'»52)  and  Knipe  and  Frings  (1952).  Adults  were  kept  in  wire  cages  (30  X 
30  X  30  cm.),  where  they  were  given  a  constant  supply  of  water  and  sugar  cubes. 
I'rotein  was  supplied  to  the  flies  in  the  form  of  skinned  dead  mice.  A  mouse  was 
supplied  every  24  hours  to  each  cage  of  flies  until  larviposition  occurred,  which 
was  within  5-7  days  after  the  protein  was  first  furnished.  After  approximately 
200  larvae  were  obtained,  the  mice  were  withheld  until  a  new  supply  of  larvae  was 
needed.  This  insured  a  constant  supply  of  larvae  and  flies  at  regular  intervals. 
The  larvae  were  reared  on  moistened  dog  biscuit. 

Techniques  described  by  Frings    (1947)    were  used  in  mounting  the  flies  for 

1  Authorized  for  publication  as  Paper  No.  IS/6  in  the  journal  series  of  The  Pennsylvania 
A-iii  nltural  Experiment  Station.  Part  of  this  is  included  in  a  dissertation  presented  by  tin- 
junior  author  to  the  (iraduate  Faculty  of  The  Pennsylvania  State  University  in  partial  fulfill- 
ment of  the  rei|uireinents  fur  the  decree  of  Master  of  Science. 
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testing.  After  they  had  recovered  from  mounting,  each  was  allowed  to  consume 
to  satiety  water  and  1.0  M  sucrose  solution. 

The  constant  temperature  chamber  used  in  this  study  consisted  of  two  plywood 
boxes,  one  within  the  olher.  The  inside  box  (56  X  56  X  56  cm.)  was  separated 
from  the  outer  one  (64  X  64  X  64  cm.)  by  4  cm.  of  insulating  material.  Both 
chambers  had  removable  tops  with  glass  apertures  (30  X  30  cm.)  situated  in  the 
center  to  provide  necessary  illumination  for  the  inner  chamber,  which  was  easily 
viewed  through  glass  doors  (30  X  30  cm.)  at  the  front  of  the  boxes.  To  aid  in 
the  maintenance  of  desired  temperatures,  a  suction  fan  was  installed  near  the  top 
of  the  inner  chamber  to  circulate  the  air  after  it  was  heated  by  an  infra-red  bulb 
or  cooled  by  ice.  Ventilation  of  the  chamber  was  controlled  by  a  sliding  glass 
panel  made  to  cover  an  opening  (6  cm.  diam.)  situated  directly  in  front  of  the  fan. 
A  light  socket  was  installed  near  the  bottom  of  the  inner  chamber  for  the  infra-red 
bulb  and  the  electrical  apparatus  of  the  light  and  fan  were  operated  from  the 
outside.  A  slit  (5  X  30  cm.)  was  cut  along  one  side  of  the  boxes  for  the  purpose 
of  inserting  the  experimental  animals.  This  opening  was  covered  on  the  outside 
with  compressed  sponge  rubber  with  corresponding  slits  through  which  the  mounted 
flies  could  be  inserted.  A  table  (56  cm.  long  X  15  cm.  wide  X  15  cm.  high)  was 
placed  in  the  chamber  to  hold  Syracuse  watch-glasses  containing  the  test  solutions. 

Much  preliminary  experimental  testing  with  sucrose  molarities  was  done  before 
settling  on  the  following  molarities  used  throughout  the  experiment :  0.02  M, 
0.04  M,  0.06  M,  0.08  M,  0.1  M,  0.2  M,  0.4  M,  0.6  M,  0.8  M,  and  1  M.  A  fresh 
stock  solution  (1.0  M)  was  made  up  every  four  or  five  days  and  refrigerated  be- 
tween tests  to  avoid  fermentation.  Other  molarities  were  made  up  from  the  stock 
solution  every  two  days. 

The  flies  were  tested  in  the  constant  temperature  chamber  at  three  ranges  of 
temperature:  19-21°  C.,  27-29°  C.,  and  37-39°  C.  The  experimental  temperature 
for  each  day  was  picked  at  random  in  order  to  avoid  the  flies'  possibly  learning  a 
particular  pattern  of  testing.  The  temperatures,  27-29°  C.,  were  those  of  the 
box  without  the  addition  of  heat  or  ice.  A  pan  of  water  in  the  chamber  assured 
a  saturated  atmosphere  in  the  box.  For  temperatures  of  19-21°  C.,  two  containers, 
one  a  gallon  jar  and  the  other  a  half-gallon  jar,  were  filled  with  ice  a  few  hours 
before  testing  and,  if  needed,  were  refilled  immediately  before  the  admission  of  the 
flies  to  the  chamber.  For  temperatures  of  37-39°  C.,  a  flat  pan  (30  X  15  X  5  cm.) 
of  hot  water,  about  50°  C.,  was  placed  in  the  chamber  to  increase  the  humidity 
sufficiently  to  keep  the  flies  from  cooling  themselves,  thus  keeping  their  internal 
temperature  the  same  as  that  of  the  surrounding  environment.  An  infra-red  bulb 
was  used  as  the  source  of  heat  and  in  a  matter  of  minutes  the  temperature  was 
at  38°  C.  The  ventilator  and  fan  aided  in  maintaining  an  even  temperature. 

After  the  temperature  of  the  box  was  set,  the  flies  were  allowed  to  take  all  the 
water  they  wanted  in  order  to  prevent  a  response  to  the  water  in  the  sucrose 
solution  rather  than  to  the  sucrose  itself.  This  was  administered  outside  the 
chamber.  Five  mounted  flies  were  tested  at  a  time.  The  flies  were  allowed  to 
remain  in  the  chamber  for  5-10  minutes  before  testing  to  reach  the  temperature 
of  the  chamber  and  were  then  tested,  one  at  a  time,  first  with  water  to  make  certain 
they  had  all  they  wanted,  and  then  from  the  lowest  molarity  of  sucrose  to  the 
highest.  A  rest  period  of  one  or  two  minutes  was  allowed  after  each  few  tests, 
so  that  the  fly  would  not  become  fatigued  to  the  sucrose. 
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Each  test  was  made  by  touching  the  fly's  tarsi  to  the  solution  in  the  Syracuse 
watch-glass.  If  the  fly  dropped  its  proboscis,  it  was  considered  a  positive  response. 
If  the  fly  did  not  drop  the  proboscis  at  a  low  molarity,  the  fly  was  tested  at  succes- 
sively higher  molaritics  until  a  positive  response  was  obtained.  The  flies  were 
always  tested  from  the  low  molarities  to  the  higher  molarities,  and  the  tarsi  were 
rinsed  after  each  few  trials  to  avoid  any  collection  of  sucrose  on  the  feet.  After  the 
five  flies  were  tested  in  this  manner,  they  were  removed  for  feeding  and  watering, 
and  a  new  batch  of  five  water-sated  flies  was  admitted  to  the  chamber. 

RESULTS 

The  flesh  fly,  SarcopJiaga  bullata,  is  easy  to  handle,  because  of  its  convenient 
size  and  relative  docility.  Flies  mounted  at  24-48  hours  of  age  did  not  live  as 
long  on  the  mounting  rods  as  those  mounted  at  96-120  hours.  If  the  animals  did 
not  have  an  opportunity  to  get  all  the  water  they  wanted  before  being  anesthetized 
with  ether,  they  died  before  or  shortly  after  coming  out  of  the  anesthesia,  as  noted 
by  Frings  (1941).  Flies  that  were  water-sated  before  etherization  were  seemingly 
unaffected. 

Temperatures  a  few  degrees  above  40°  C.  or  below  15°  C.  affected  the  activity 
of  the  flies.  The  movements  of  the  legs  and  the  proboscis  responses  were  slower 
than  at  temperatures  of  37-39°  C.  and  19-21°  C.  The  flies  were  most  active  at 
room  temperature. 

Approximately  2000  flies  were  used  in  this  experiment,  but  over  half  of  these 
were  used  to  develop  experimental  techniques.  Tests  were  made  on  748  flies,  313 
males  and  435  females.  These  flies  were  subjected  to  8241  tests  at  the  three 
temperature  levels. 

The  median  thresholds,  as  determined  by  probit  analysis  (Dethier  and  Chad- 
wick,  1950;  Finney,  1952),  were:  at  19-21°  C.,  0.14  M;  at  27-29°  C.,  0.06  M; 
at  37-39°  C.,  0.17  M.  Significant  differences  between  the  per  cent  response  of  the 
flies  at  the  various  molarities  were  determined  at  the  upper  probability  limits  of 
0.005  from  the  tables  in  Mainland  (1948).  The  lower  temperature  compared  with 
room  temperature  (27-29°  C.)  showed  significant  differences  at  0.6  M,  0.4  M, 
0.2  M,  0.1  M,  0.08  M,  0.06  M,  0.04  M,  and  0.02  M.  The  higher  temperature 
compared  with  the  room  temperature  showed  significant  differences  at  0.8  M,  0.6 
M,  0.4  M,  0.2  M,  0.1  M,  0.08  M,  0.06  M,  0.04  M,  and  0.02  M  levels.  No  significant 
differences  between  the  thresholds  of  the  sexes  were  noted. 

INTERPRETATIONS  AND  CONCLUSIONS 

The  median  tarsal  threshold  for  sucrose  (0.06  M)  for  Sarcophaga  bullata  at 
27-29°  C.  is  relatively  high  when  compared  with  that  of  some  other  Diptera. 
For  instance,  Hassett,  Dethier  and  Fans  (1950)  reported  a  median  threshold  of 
0.0098  M  for  the  blow  fly,  Phonnia  rcgina,  and  Deonier  and  Richardson  (1935) 
reported  a  median  threshold  of  0.025  M  for  the  house  fly,  Mnsca  domcstica. 
Frings  and  O'Neal  (1946),  however,  found  the  median  sucrose  threshold  for 
Tabanus  to  be  0.06  M  which  is  the  same  as  that  of  the  flesh  fly.  A  possible 
explanation  for  the  difference  between  the  median  thresholds  of  Sarcophaga  and 
Tabanus  and  those  of  other  Diptera  might  be  that  the  food  habits  and  habitats  of 
these  flies  are  different  from  those  of  the  other  species. 

As  to  the  question  of  absorption  or  adsorption  in  tarsal  stimulation,  no  definite 
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stand  can  be  taken.  From  the  results,  it  would  seem  that  penetration  was  the 
factor  involved  at  temperatures  below  room  temperature,  while  at  the,  higher 
temperatures  adsorption  was  the  factor.  It  is  highly  improbable,  however,  that 
different  factors  are  involved  at  different  temperatures.  Perhaps  the  action,  if  any, 
of  temperature  on  the  peripheral  threshold  is  masked  by  the  action  of  temperature 
on  central  nervous  functions,  and  thus  on  general  behavior.  Possibly  neither 
adsorption  per  se  nor  penetration  is  involved,  but  instead  discharge  of  surface 
potentials  on  the  sensory  hairs.  This  reaction  would  be  basically  independent  of 
temperature.  Such  a  phenomenon  would  show  Hofmeister  seriation  of  inorganic 
ions  and  seriations  of  organic  compounds.  In  such  a  case,  the  effects  of  tempera- 
ture would  be  entirely  on  other  systems  and  thus  would  give  no  information  of 
significance  on  the  point  in  question. 

SUMMARY 

1.  The  effects  of  temperature  on  the  sucrose  thresholds  of  the  tarsal  chemo- 
receptors  of  the  flesh  fly  were   studied.     Flies  were  mounted  on  rods   and  the 
thresholds  determined  in  a  constant  temperature  chamber  at  19-21°  C,  27-29°  C. 
and  37-39°  C. 

2.  A  total  of  748  flies  (313  males  and  435  females)  were  subjected  to  8241  tests. 

3.  The  median  threshold  at  19-21°  C.  was  0.14  M,  at  27-29°  C.  was  0.06  M, 
and  at  37-39°  C.  was  0.17  M. 

4.  On  the  basis  of  these  data,  no  definite  stand'  can  be  taken  on  the  limiting 
mechanism  of  tarsal  chemoreception. 
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ALTERATIONS  IN  THE  PROTEINS  OF  SEA  URCHIN  EGG 
HOMOGENATES  TREATED  WITH  CALCIUM  1 

PAUL  R.  GROSS  - 

Zoological  Laboratory,  University  of  Pennsylvania,  Philadelphia,  Pennsylvania, 
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The  complex  of  processes  involved  in  the  occurrence  of  a  precipitation  reaction 
at  the  surface  of  exposed  cytoplasm  was  named  the  "surface  precipitation  reaction" 
by  Heilbrunn  (1927).  A  survey  of  the  properties  of  this  reaction  in  a  variety  of 
forms  is  given  by  Costello  (1932),  and  a  related  type  of  process  in  muscle  fibers 
is  described  by  Woodward  (1948).  The  most  recent  treatment  of  the  reaction 
(henceforth  abbreviated  SPR),  including  discussion  of  its  physiological  sig- 
nificance, is  given  in  Heilbrunn's  (1952)  textbook. 

The  egg  of  the  sea  urchin  Arbacia  punctulata  provides  excellent  material  for  the 
observation  of  the  SPR.  The  egg  is  crushed  in  sea  water,  usually  between  a 
glass  slide  and  a  coverslip.  Ordinarily,  the  egg  breaks  at  one  or  more  points,  and 
the  cytoplasm  flows  out  at  the  site(s)  of  rupture.  The  outward  movement  of  the 
exovates  is  halted  by  formation  of  a  precipitation  film,  and  this  is  usually  accom- 
panied by  extensive  vacuolization  within  the  exovate  mass.  The  Arbacia  egg 
possesses  numerous  pigment-containing  granules  (really  vacuoles),  and  these 
break  down  in  the  exovate.  The  granule  lysis  and  vacuolization  reactions  are 
sometimes  observed  to  travel  wave-like  across  the  entire  cell. 

The  calcium  ions  of  the  sea  water  are  responsible  for  the  initiation  of  the  SPR. 
If  the  calcium  ions  are  removed  by  precipitation  with  oxalate  or  by  complexing 
with  citrate,  the  SPR  does  not  occur,  and  instead,  the  cytoplasm  of  crushed  eggs 
is  rapidly  and  uniformly  dispersed  throughout  the  volume  of  medium  available 
to  it.  This  is  true  of  the  SPR  in  all  forms  studied,  from  the  protozoan  Stentor  to 
the  egg  of  the  frog  (Heilbrunn,  1952). 

Heilbrunn  (1952)  has  proposed  a  theory  which  attempts  to  explain  such 
diverse  phenomena  as  stimulation,  narcosis,  and  cell  division  on  the  basis  of  changes 
in  the  state  of  the  protoplasmic  colloid.  Thus,  for  example,  cell  division  is  always 
preceded  by  a  gelation  reaction,  the  so-called  "mitotic  gelation." 

This  physiological  gelation  process  appears  to  be  the  analogue  of  the  SPR 
described  above.  Indeed,  Heilbrunn  has  proposed  that  the  mitotic  gelation  is  an 
"internal  SPR,"  differing  from  the  true  SPR  only  in  a  lesser  extent  of  reaction. 
Many  of  the  events  which  accompany  the  viscosity  increase  of  the  cytoplasm  in 

1  This  paper  is  condensed  from  a  dissertation  in  Zoology  presented  to  the  faculty  of  the 
Graduate  School  of  the  University  of  Pennsylvania  in  partial  fulfillment  of  the  requirements 
for  the  degree  of  Doctor  of  Philosophy.  Part  of  the  work  was  supported  by  a  grant  from  the 
Xational  Cancer  Institute,  National  Institutes  of  Health,  Public  Health  Service,  administered 
by  Dr.  L.  V.  Heilbrunn. 

X'alional  Scirnre  Foundation  prcdoctoral  research  fellow,  1953-54.  Present  address: 
Department  of  I'.iology,  New  York  University,  University  College  of  Arts  and  Science, 
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living  cells  do,  in  fact,  have  their  striking  counterparts  in  the  events  of  the  SPR 
(Heilbrunn,  1928). 

Hultin  (1950a,  1950b),  impressed  by  the  possible  important  role  of  calcium 
in  fertilization  and  in  stimulation  in  general,  studied  the  effects  of  the  addition  of 
Ca+t  to  homogenates  of  sea  urchin  eggs.  The  innovation  of  his  method  was  the 
use  of  unfertilized  eggs  which  had  been  freed,  prior  to  their  homogenization,  of 
practically  all  of  their  ionic  Ca.  When  Hultin  added  Ca  in  small  quantities  to  such 
homogenates,  several  events  were  observed :  a  burst  of  oxygen  uptake  in  great 
excess  of  uptake  in  the  controls,  the  formation  of  acid,  a  sharp  increase  in  the 
viscosity  of  the  homogenate,  and  the  breakdown  of  certain  cytoplasmic  inclusions. 
These  events  bear  a  suggestive  resemblance  to  those  which  take  place  at  fertiliza- 
tion (Runnstrom,  1951). 

The  experiment  just  described  is,  however,  also  a  model  of  the  SPR.  Indeed, 
Hultin's  preparation  is,  in  a  sense,  the  SPR,  with  the  modifying  condition  that  the 
rupture  of  the  cells  is  temporally  separated  from  the  influx  of  calcium  ions. 
Certainly,  if  the  events  enumerated  above  suggest  those  at  fertilization,  they 
duplicate  the  events  of  the  SPR  with  even  greater  fidelity. 

The  experiments  of  Hultin  therefore  take  on  great  interest  in  relation  to  all 
phenomena  in  which  the  "internal  SPR"  of  cytoplasmic  "gelation"  are  supposed 
to  play  a  role.  Now  the  SPR  obviously  involves  the  formation  of  an  insoluble 
precipitation  membrane  (Heilbrunn,  1928),  and  is  likely  to  be  causally  connected 
with  a  drop  in  the  solubility  of  some  cytoplasmic  proteins.  The  formation  of  a 
fibrous  gel,  such  as  Hultin  (1950b)  and  Gross  (1952)  describe  would  be  difficult  to 
account  for  in  another  way.  Hultin  was,  however,  unable  to  demonstrate  any 
protein  solubility  changes  as  a  result  of  addition  of  Ca. 

It  is  obviously  important  to  discover  whether  alterations  in  the  solubility  of 
cytoplasmic  proteins  do  or  do  not  in  fact  occur.  Further,  if  such  alterations  can 
be  demonstrated,  then  it  is  important  that  the  reaction  or  reactions  leading  to  this 
effect  be  analyzed  at  the  molecular  level.  Such  an  analysis  would  serve  to  throw 
light  upon  the  as  yet  obscure  mechanism  of  the  SPR  and,  perhaps,  by  extension, 
upon  the  processes  of  gelation  and  solation  which  are  universal  manifestations  of 
vital  activity  at  the  cellular  level. 

This  report  describes  experiments  whose  purposes  relate  to  this  analysis. 

I  wish  to  express  my  sincere  gratitude  to  Dr.  L.  V.  Heilbrunn  for  his  assistance 
and  encouragement  during  the  course  of  this  work. 

The  electron  micrographs  were  made  at  the  Electron  Microscope  Laboratory, 
Marine  Biological  Laboratory,  by  Mr.  Delbert  E.  Philpott. 

MATERIALS  AND  METHODS 

Eggs  were  obtained  from  female  Arbacia  punctitlata.  Samples  from  the 
pooled  batches  were  tested  for  fertilizability  and  poor  collections  were  discarded. 
The  animals  were  usually  injected  in  the  oral  region  with  0.1-0.5  ml.  of  isotonic 
KC1.  This  treatment  induced  shedding  of  the  ripe  eggs  but  appeared  not  to 
affect  immature  females.  The  eggs  were  collected  from  six  to  ten  females  and 
quickly  washed  twice  by  centrifugation  through  filtered  sea  water  in  order  to  re- 
move debris.  A  wash  in  sea  water  at  pH  5.0  now  served  to  loosen  or  dissolve 
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the  jelly  coats,  and  these  were  carried  away  in  the  subsequent  washings  in  Ca-free 
media.  Washing  hy  centrifugation  and  decantation  five  to  eight  times  in  Ca-Mg- 
free  artificial  sea  \\ater  was  followed  by  two  washes  in  0.35  M  sodium  citrate. 

The  eggs  were  now  extremely  fragile  and  were  easily  homogenized  after 
centrifugal  collection.  Prior  to  this  step,  however,  the  eggs  were  cooled  to  2°  C. 
or  below.  The  homogenization  was  carried  out  in  a  pre-cooled  Potter-El vej hem 
type  of  glass  homogenizer.  A  few  strokes  of  the  tight-fitting  pestle  were  sufficient. 
The  process  described  resulted  in  homogenates  of  uniform  consistency,  with  few 
if  any  intact  cells. 

As  pointed  out  by  Harris  (1943),  procedures  of  this  type  result  in  the  rupture 
of  a  certain  small  percentage  of  the  pigment  vacuoles,  although  most  of  these  bodies 
are  resistant  enough  to  withstand  breakage  in  the  course  of  homogenization.  The 
homogenate  was  usually  prepared  with  one  part  of  packed  eggs  and  one  to  ten 
parts  of  homogenization  medium,  this  last  being  isotonic  KC1,  KC1  with  buffer 
(veronal-acetate-HCl),  or  Ca-Mg-free  artificial  sea  water.  The  homogenates 
were  strongly  self-buffering  at  a  pH  of  6.5-6.9. 

The  details  of  the  several  experimental  techniques  are  given  in  the  appropriate 
sections  of  the  experimental  part  of  this  report. 

EXPERIMENTS  AND  RESULTS 
1.    Ionic  specificity 

The  first  problem  which  arises  in  connection  with  the  striking  changes  caused 
by  the  addition  of  Ca  to  the  homogenates  is  that  of  ionic  specificity.  Since  Hultin 
(1950b)  was  able  to  mimic  several  of  the  Ca  effects  by  means  of  strongly  hyper- 
tonic  salt  solutions,  the  possibility  arises  that  the  effects  of  Ca  might  be  attributed 
simply  to  the  increased  ionic  strength  of  its  "isotonic"  solutions  as  compared  with 
that  of  isotonic  solutions  of  uni-univalent  salts.  Thus,  an  isotonic  solution  of 
CaCl2  (0.32  M]  has  an  ionic  strength  of  0.96,  given  by  the  relation 

M  =  1/2  Eos,- 

i 

where  ^  is  called  the  ionic  strength,  and  the  computation  consists  of  summing  the 
products,  for  each  ionic  species,  of  c,  the  concentration  in  moles,  and  £-,  the  ionic 
charge  [squared],  and  dividing  the  sum  over  all  species  by  two.  By  comparison, 
an  isotonic  solution  of  KC1  (0.48  M)  has  an  ionic  strength  of  0.48.  Since  ionic 
strength,  and  not  molarity,  is  the  value  of  interest  in  kinetic  salt  effects,  the  above 
possibility  must  be  investigated. 

An  aliquot  of  a  homogenate  was  treated  with  Ca  and  a  control  aliquot  was 
treated  with  a  solution  of  KC1  of  identical  ionic  strength.  Thus,  0.1  ml.  of  0.32  M 
CaCl2  was  added  to  ten  ml.  of  homogenate  and  0.1  ml.  of  0.96  M  KG  was  added 
to  the  control  sample  (10  ml.). 

The  control  homogenate  retained  its  normal  appearance,  whereas  the  material 
in  the  experimental  tube  underwent,  within  fifteen  minutes,  a  marked  precipitation 
reaction,  as  a  result  of 'which  the  viscosity  of  the  homogenate  (as  a  whole)  rose. 
The  Ca-treated  homogenate  formed  fiber-like  aggregates  which  adhered  to  the 
sides  of  the  test-tube.  The  granule  lysis  reaction  was  evident,  and  the  homogenate 
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underwent  a  color  change  from  orange-red  to  a  deep  wine-red.  As  will  be  shown 
below,  the  color  change  could  be  prevented  by  strong  additional  buffering  of  the 
homogenate  at  pH  7.0. 

2.    Solubility  changes 

Hultin  (1950b)  was  unable  to  observe  any  alterations  in  the  protein  solubility 
of  his  homogenates  as  a  result  of  Ca-treatment.  He  assumed  that  such  changes  do 
occur,  but  that  the  eventual  loss  of  protein  from  the  soluble  fraction  of  the 
homogenate  was  balanced  and  even  over-compensated  by  the  release  of  trichloro- 
acetic  acid-insoluble  N  from  the  cytoplasmic  inclusions  which  lyse  in  the  presence 
of  Ca. 

There  is,  however,  a  simple  method  by  which  the  difficulties  caused  by  granule 
lysis  can  be  overcome  without  removing  the  granules  during  the  reaction  period 
(this  latter  step  constituting  a  partial  fractionation  of  the  homogenate  which  is 
not  desired  at  this  stage  of  the  investigation).  Harris  (1943)  showed  that  the 
pigment  granules  of  the  sea  urchin  egg  behave  osmotically.  Now  it  is  these 
granules,  or  vacuoles,  which  contribute  the  major  quantity  of  trichloroacetic  acid- 
(henceforth  "TCA")  insoluble  N  to  the  homogenate  upon  their  lysis.  Thus,  if 
the  granules  could  be  osmotically  ruptured  in  controls  as  well  as  in  Ca-treated 
homogenates,  the  phenomenon  of  granule  lysis  should  have  its  effect  cancelled,  and 
solubility  changes  in  the  initially  soluble  cytoplasmic  proteins  alone  should  be 
measurable. 

It  is  possible  to  produce  osmotic  lysis  of  over  85%  of  the  pigment  granules  by 
the  addition  of  water  to  the  homogenate  after  the  treatment  under  investigation. 
In  this  way,  the  effects  of  Ca++  upon  the  soluble  proteins  of  the  homogenate  can 
be  studied. 

The  same  basic  experimental  design  was  used  in  all  of  the  solubility  experi- 
ments. Homogenates  were  treated  with  the  agent  suspected  of  effecting  a  solubil- 
ity change  in  the  proteins.  Controls  were  treated  with  uni-univalent  salt  solu- 
tions with  ionic  strengths  equal  to  those  obtaining  in  the  experimentals.  The  tubes 
containing  the  homogenates  were  incubated,  either  at  2°  C.  or  at  21°  C.,  for 
various  periods.  At  the  end  of  the  incubation  period,  the  homogenates  were 
treated  with  twice  their  volume  of  ice-cold  distilled  water.  This  brought  about 
the  desired  lysis  of  remaining  pigment  granules.  The  homogenates  were  now 
diluted  with  (usually)  ten  volumes  of  ice-cold  distilled  water  or  M  KG,  buffered 
in  some  cases  to  pH  7.0.  Extraction  was  carried  out  in  the  icebox  at  1°  C.  for 
one  to  twenty-four  hours.  At  these  low  temperatures  and  relatively  great  dilu- 
tions, the  aggregation  reactions  initiated  by  Ca  were  brought  to  a  practical  halt. 

At  the  end  of  the  extraction  period,  the  tubes  were  spun  in  a  Servall  angle- 
head  centrifuge  at  17,000  to  20,000  g.  The  clear  supernatants  were  analyzed  for 
their  total  protein  content  by  one  of  several  methods.  The  experiments  were  thus 
set  up  to  reveal  differences  in  solubility  or,  more  precisely,  in  sedimentability,  the 
latter  being  a  function  of  the  relative  states  of  aggregation  of  the  soluble  or  sus- 
pended proteins. 

For  the  comparative  results  required,  a  quantitative  modification  of  the  biuret 
test,  slightly  modified  from  Fine  (1935),  was  found  adequate.  The  results  were 
reproducible,  and  the  slight  turbidity  which  tends  to  develop  at  the  higher  protein 
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concentrations  can  often  he  avoided  by  suitable  dilution  and  temperature  control. 
Only  measurements  obtained  upon  visually  non-turbid  systems  were  admitted. 

Most  of  tlu-  experiments  were  repeated  with  analysis  by  spectrophotometry. 
\M<le  from  offering  a  means  of  estimating  total  protein,  the  absorption  spectra 
of  the  water  extracts  provide  information  concerning  the  relative  distributions  of 
protein  and  nucleic  acid  in  experimentals  and  controls. 

\Yhen  the  experiment  described  was  performed,  there  was  always  a  measurable 
precipitation  of  protein  or  protein  containing  material  from  the  homogenates 
which  had  been  treated  with  Ca.  At  least,  at  every  given  relative  centrifugal 
force,  more  protein  was  sedimented  in  the  experimentals  than  was  in  the  controls. 
When  the  homogenates  were  relatively  concentrated,  that  is,  when  the  dilution  with 
homogenization  medium  was  less  than  five  times,  the  reaction  was  very  rapid  at 
21°  C.,  although  not  "instantaneous"  in  the  way  that  ionic  precipitation  reactions 
often  are  at  room  temperature. 

Depending  upon  the  conditions  obtaining,  from  zero  to  ninety  per  cent  of  the 
total  protein  extractable  from  the  whole  homogenates  by  water  could  be  pre- 
cipitated. Actually,  the  extraction  medium  is  a  very  dilute  salt  solution,  since  the 
homogenate  itself  contains  considerable  salt. 

For  reasonable  reaction  velocities  at  21°  C.,  concentrations  of  Ca1+  in  the 
range  of  0.001  to  0.01  were  required.  The  significance  of  these  levels  will  be 
discussed  below. 

The  results  suggest  that  the  rate,  but  not  the  final  extent  of  solubility  loss  is 
dependent  upon  the  concentration  of  Ca ;  but  this  effect  could  not  be  noted  if  dilu- 
tions were  too  great,  since  the  over-all  velocity  of  precipitation  is  very  sensitive  to 
dilution  of  the  homogenate.  Indeed,  homogenates  made  with  one  part  of  eggs  to 
more  than  ten  parts  of  medium  often  failed  to  give  a  measureable  rate  of  precipita- 
tion in  the  presence  of  0.01  M  CaCl.,,  although  other  Ca  effects,  such  as  granule 
lysis,  were  observed. 

In  many  experiments  where  the  reaction  was  permitted  to  proceed  only  a  short 
time  after  treatment  with  Ca++  and  a  wide  range  of  Ca  concentrations  was  added, 
the  following  phenomenon  was  observed.  Plots  of  solubility  loss  as  a  function  of 
Ca++  added  were  often  not  simple,  concave-downward  curves,  but  rather,  showed 
a  maximum  at  about  0.5-1.0  millimols/  liter,  followed  by  a  local  minimum  and 
finally  by  steadily  increasing  values  asymptotic  with  approximately  90%  precipita- 
tion. The  amount  of  protein  lost  from  the  homogenate  at  the  low  concentration 
maxima,  when  these  occurred,  was  of  the  order  of  20-30%  of  the  total  protein 
extractable  with  water  from  the  controls. 

This  is  demonstrated  by  the  data  in  Table  I,  which  shows  the  results  of  two 
typical  experiments  carried  out  in  successive  summers  at  Woods  Hole.  Both 
homogenate  preparations  were  made  from  1  :6  homogenates,  i.e.,  one  part  of 
packed  eggs  homogenized  in  live  parts  of  isotonic  KC1.  The  considerable  varia- 
tion from  one  homogenate  preparation  to  another  is  illustrated  by  the  two  sets  of 
data,  as  are  the  general  characteristics  of  the  relation  between  solubility  loss  (or 
increased  sedimentability  )  and  the  concentration  of  added  Ca++. 

Spectrophotometric  methods  corroborated  the  results  of  the  chemical  determina- 
tions. The  water  extracts  of  experimental  and  control  homogenates  were  cen- 
trifuged  at  17,000  g  for  10  minutes  to  one  hour  in  the  cold,  thus  brought  to  water- 
clarity,  and  then  diluted  and  read  directly  in  the  Beckman  spectrophotometer. 
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TABLE  I 

Loss  in  the  -water  solubility  of  homogenate  proteins  in  the  presence  of  varying  amounts 
of  calcium  ions.     Two  separate  experiments 

Experiment  Concentration  of  Per  cent  loss 

number  Ca  in  mM/liter  in  solubility 

1A  0.00  0.00 

IB  0.57  38.8 

1C  5.70  33.4 

ID  57.0  72.2 

IE  113  81.5 

IF  170  94.4 

2A  0.00                                            0.00 

2B  1.00  19.0 

2C  5.00  14.8 

2D  10.0  37.0 

2E  100  91.6 

2F  500  90.5 

Complete  absorption  spectra  in  the  wave-length  region  220  to  300  millimicrons  were 
made  for  the  experimentals  and  for  the  controls.  The  optical  density  at  wave- 
length 280  millimicrons  is  a  measure  of  the  protein  (and  aromatic  amino  acid) 
content  of  the  sample.  The  effects  of  the  presence  of  nucleic  acid  and  of  scatter- 
ing do  not  introduce  a  serious  error  in  comparative  measurements  such  as  were 
made  here. 

In  every  case,  a  loss  in  protein  from  the  Ca-treated  homogenate  occurred,  and 
was  indicated  by  a  reduced  optical  density  at  280  niju,.  The  absorption  spectra  had 
interesting  features  aside  from  the  changes  in  density  at  280.  Figure  1  illustrates 
the  result  of  a  typical  experiment.  Here,  a  1  :  5  homogenate  was  treated  with 
0.03  M  CaClo  and  the  control  was  treated  with  a  solution  of  KC1  of  equal  ionic 
strength.  After  five  minutes  of  incubation  at  21°  C.,  each  tube  was  diluted  with 
five  volumes  of  ice-cold  distilled  water.  The  extraction  was  continued  in  the  ice- 
box for  four  hours.  At  the  end  of  this  period,  both  tubes  were  centrifuged  at 
17,000  g  for  ten  minutes.  The  clear  supernatants  were  removed  and  further 
diluted  with  water  buffered  to  pH  8.5  with  bicarbonate.  Absorption  spectra  were 
made  in  the  ultraviolet  region. 

The  upper  curve  (half  circles)  in  the  figure  represents  the  absorption  spectrum 
of  the  control  extract,  while  the  lower  curve  (solid  circles)  is  that  of  the  experi- 
mental. In  both  cases,  the  spectrum  is  that  of  nucleic  acid  plus  protein,  with  a 
peak  at  260  millimicrons  and  an  appreciable  absorption  at  280  millimicrons. 
Obviously,  an  over-all  loss  of  water-soluble  material  has  occurred  in  the  experi- 
mental system.  In  addition,  the  shapes  of  the  curves  suggest  that  the  composition 
of  the  precipitated  material  differs  slightly  from  that  of  the  supernatant  as  a 
whole,  as  represented  by  the  upper  curve. 

The  ratio  of  the  molar  extinction  at  280  m/j.  to  that  at  260  m/x.  has  a  charac- 
teristic magnitude  for  most  proteins  and  a  different,  but  equally  characteristic, 
magnitude  for  nucleic  acids.  Thus,  for  PNA,  this  value  is  in  the  neighborhood 
of  0.5,  whereas  for  protein  alone  it  is  more  likely  to  have  a  value  near  1.75.3 

3  This  is  not  the  case  for  proteins  of  unusual  amino  acid  composition,  such  as,  for  example, 
protamine. 
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Warburg  and  Christian  (1942)  used  these  facts  as  the  basis  of  a  method  of  esti- 
mating the  relative  quantities  of  protein  and  nucleic  acid  in  a  mixture  of  the  two. 
Optical  density,  the  quantity  measured  in  these  experiments,  is  given  by  the 
relation 

D  =  kcd 
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FIGURE  1.  Ultraviolet  absorption  spectra  of  water  extracts  of  sea  urchin  egg  homogenates. 
Half  circles:  control.  Full  circles:  experimental,  treated  with  Ca++.  Open  circles:  calculated 
curve  for  experimental.  See  text. 

where  D  is  the  optical  density,  k  is  a  specific  extinction  coefficient,  c  is  the  concen- 
tration of  absorbing  substance,  and  (/  is  the  length  of  the  light  path  through 
the  sample.  The  extinction  ratio  mentioned  above  is  readily  obtained  from 
the  measured  "D"  values.  For  a  single  sample,  the  optical  density  will  differ 
at  the  two  wave-lengths,  but  the  concentration  of  chromophore  and  the  light  path 
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do  not  change  and  are  therefore  constants,  so  that 

•^280    '^280 

D  /'          ' 

^260  /li;r,ii 

which  is  the  desired  ratio. 

The  value  of  this  ratio  is  0.74  for  the  upper  (control)  curve  and  0.83  for  the 
experimental  curve  in  Figure  1.  This  is  a  significant  difference,  and  indicates 
that  the  lower  curve  represents  a  chromophore  which  is  relatively  poorer  in  nucleic 
acid  than  is  the  control.  But  the  spectra  have  been  recorded  for  water  extracts, 
and  thus  the  insoluble,  aggregated  material  in  the  experimental  homogenate  must 
be  richer  in  nucleic  acid  than  that  in  the  control. 

It  is  possible,  by  preparations  of  several  dilutions  of  the  control,  to  obtain  mean 
values  of  k  (independent  of  concentration)  at  the  several  wave-lengths.  These 
values  are  multiplied  by  d(=  0.996  cm.)  and  by  "c,"  which  is  now  that  fraction 
of  the  absorption  (at  280  millimicrons)  of  the  control  shown  by  the  experimental. 
This  is  equivalent  to  assuming  that  the  differences  between  the  control  and  the 
experimental  absorption  spectra  can  be  accounted  for  on  the  basis  of  the  changes 
indicated  by  the  280  m/*  absorptions.  The  product  (k-c-d}  gives  a  series  of  theo- 
retical values  for  D,  and  these  values  are  plotted  for  purposes  of  comparison  with 
the  experimental  absorption  spectrum.  Such  a  calculated  curve  is  shown  by  the 
open  circles  in  Figure  1. 

Although,  due  to  the  large  absorption  by  nucleic  acids  even  at  280  millimicrons, 
this  type  of  manipulation  can  give  no  quantitative  data  on  the  distribution  of  nucleic 
acid  and  protein  in  the  system,  it  does  qualitatively  indicate  that  the  experimental 
water  extract  is  relatively  poorer  in  a  component  absorbing  strongly  at  260  m/u. 
than  the  control  extract. 

Finally,  a  preliminary  localization  of  the  reaction  was  attempted  in  the  fol- 
lowing way : 

A  homogenate  was  centrifuged  in  the  cold  at  2000  g  for  20  minutes.  This 
deposited  a  layer  of  red  granules,  and  no  red  pigment  was  left  in  the  supernatant 
fraction.  Treatment  of  these  supernatants  was  the  same  as  that  for  whole 
homogenates. 

In  every  case,  the  addition  of  calcium  to  this  supernatant  layer  brings  about 
a  solubility  loss  on  the  part  of  protein  components.  Figure  2  gives  the  spectro- 
photometric  analysis  of  one  such  experiment,  "c"  represents  the  water  extract  of 
the  control,  and  "  x"  that  of  the  Ca-treated  supernatant. 

Plainly,  the  material  which  becomes  insoluble  in  the  whole  homogenate  comes, 
at  least  in  part,  from  the  fraction  devoid  of  the  largest  granules. 

3.  Acid  formation 

The  appearance  of  acid  upon  fertilization  of  the  egg  of  Paracentrotus  lividus 
was  first  reported  by  Runnstrom  (1933),  and  this  was  confirmed  for  Psamnic- 
chinus  miliaris  by  Borei  (1933)  and  by  Laser  and  Rothschild  (1939).  These 
observations  led  Hultin  (1950b)  to  test  for  the  appearance  of  acid  upon  the  addi- 
tion of  Ca  to  his  homogenates.  Hultin  was  successful  in  demonstrating  this  effect. 

The  acid  formation  has  considerable  significance  for  the  SPR,  and  accordingly 
an  attempt  was  made  to  measure  it  in  our  own  material. 
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A  homogciiate  was  prepared  in  the  usual  way,  and  then  frozen  in  dry-ice  and 
acetone  and"  dried  -in  racno.  Later,  this  material  was  reconstituted  with  ice-cold 
distilled  water.  This  material  was  self-buffered  at  pH  6.55,  as  measured  with 
the  glass  electrode-.  \Yhen  the  homogenate  was  brought  to  21°  C.  and  treated 
with  CaCl.,  (final  concentration  --  0.005  M)  the  material  changed  color  from  brown 
to  deep  red  within  a  few  minutes.  The  pH  of  the  system  fell  from  6.55  to  5.50 


230 


250  270 

WAVELENGTH 


290 


FIGURE  2.     Ultraviolet   absorption    >pectra   of   water   extracts   of   homogenates    free   of 
pigment  granules,     "c"  =  control,     "x"  =  Ca++  —  treated   experimental. 

within  90  seconds.  It  is  easily  calculated  that,  even  with  buffering  neglected,  this 
large  release  of  H+  cannot  be  accounted  for  on  the  basis  of  the  slightly  acid  pH 
<»!"  the  added  CaCl,. 

The  data  indicate  that  even  in  the  presence  of  the  considerable  buffer  capacity 
ot"  tin    lioniogeiuite  proteins,  etc.,  the  hydrogen  ion  concentration  increased  more 
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than  ten  times  within  the  first  1.5  minutes  after  the  addition  of  Ca.  The  acid  for- 
mation must  thus  be  of  considerable  magnitude.  In  the  light  of  these  observa- 
tions, it  is  important  to  ask  whether  the  change  in  pH  is  not  the  factor  responsible 
for  the  precipitation  of  protein  by  Ca. 

That  this  is  not  the  case  is  easily  demonstrated  in  experiments  in  which  the 
homogenates  are  strongly  buffered  at  pH  7 .  In  these  systems,  the  color  change 
does  not  take  place  and,  of  course,  the  pH  remains  close  to  7,  but  the  loss  of  protein 
solubility  under  the  influence  of  Ca  is  unaffected. 

The  matter  of  color  change  is  of  interest,  because  in  the  SPR  as  observed  in 
crushed  eggs,  the  breakdown  of  the  pigment  granules  is  accompanied  by  a  pro- 
nounced reddening  of  the  protoplasm  of  the  exovate  and  often  of  the  whole  cell,  as 
the  wave  of  granule  lysis  sweeps  across  it.  This  change  in  the  pigment  (echino- 
chrome)  released  from  the  vacuoles  is  particularly  striking  when  eggs  are  crushed 
in  media  somewhat  richer  in  Ca  than  is  sea  water.  This  effect  is  undoubtedly  due 
to  the  change  in  pH  of  the  regions  of  the  cell  effected  by  the  SPR. 

Two  homogenates  were  prepared  and  treated  in  the  usual  way,  except  that 
one  was  strongly  buffered  at  pH  7.15  with  tris-(hydroxymethyl)-aminomethane 
while  the  other  was  unbuffered  except  by  its  own  ampholytes.  Both  were  treated 
with  the  same  quantity  of  Ca++  (0.005  M  }  and  incubated  for  a  few  minutes.  The 
precipitation  reaction  took  place  to  approximately  the  same  extent  in  each.  Both 
tubes  were  centrifuged  to  sediment  the  solids,  leaving  faintly  turbid  supernatants. 
These  were  diluted  somewhat  and  their  pH  values  measured  once  again  with  the 
glass  electrode.  Absorption  spectra  of  the  two  preparations  were  made  in  the 
visible  region  of  the  spectrum. 

The  results  of  the  spectrophotometric  measurements  are  plotted  in  Figure  3. 
Clearly,  the  system  whose  pH  was  6.5  was  red,  while  the  one  with  pH  -=  7.15  was 
yellow-orange.  This  shift  in  absorption  is,  as  closely  as  it  is  possible  to  judge, 
the  same  type  as  that  which  occurs  when  the  SPR  is  observed  in  cells.  These 
color  changes  are,  of  course,  due  to  the  presence  of  the  pigment  echinochrome, 
which  is  a  pll  indicator,  apparently  even  when  in  combination  with  its  protein 
ligand  in  the  homogenate  or  in  the  egg. 

4.  Release  oj  n<ni-f>rofein  nitrogen 

Woodward  (1949)  reported  experiments  in  which  various  fractions  of  Arbacia 
egg  granules  were  assayed  for  proteolytic  activity.  He  found  low  but  significant 
proteolytic  activity,  increasing  from  35  to  50  per  cent  upon  addition  of  cyanide, 
in  the  "granular"  fraction  of  the  eggs.  Ca-activation  of  the  protease (s)  was 
not  demonstrated. 

Gross  ( 1952  )  reported  in  a  note  that  the  whole  homogenate  of  Arbacia  eggs 
contained  a  Ca-activated  protease,  with  a  pH  optimum  near  6.6.  Lundblad  (1952), 
in  the  course  of  his  extensive  investigations  upon  the  proteolytic  activity  of  sea 
urchin  gametes,  reported  that  the  weak  proteolytic  activity  of  extracts  and  homo- 
genates of  unfertilized  eggs  was  increased  by  Ca. 

Because  of  the  possibility  of  a  relation  between  proteolysis  and  coagulation, 
and  perhaps  precipitation,  of  proteins  in  the  homogenates,  it  seemed  worthwhile 
to  attempt  a  further  step  in  the  analysis.  Lundblad's  assays  of  protease  activity 
were  made  by  a  viscosimetric  method.  In  the  light  of  many  investigations  such 
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a>  those  of  orstn'in  i  N41  ),  demonstrating  changes  in  the  non-protein  nitrogen 
iXI'Xi  of  r!L;gs  after  fertilization,  it  seemed  further  indicated  that  one  should 
determine  whether  \I'X  increased  directly  after  the  addition  of  Ca  to  the  homo- 
genates.  The  method  used  by  Lorand  (1952)  in  his  studies  on  fibrinogen  was 
adapted  for  use  in  the  homogenate  system. 

Homogenates  were  prepared  in  the  usual  way.     Calcium  was  added  in  amounts 
.sufficient  to  give  a  reasonable  rate  of  precipitation.     At  intervals,  one  of  the  several 
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IMI.I-RK  ,\     \  i>ible  li.ylit  absorption  spectra  of  Catf  — treated  h<>m<>.ni.-nate  extracts. 
Half  circle:  unbuffered.     j)H  =6.50.      Full  circles:  buffered  at  pH  7.14. 

tubes  employed  in  the  experiment  was  treated  with  two  to  five  volumes  of  cold 
distilled  water.  An  equal  volume  of  2('/<  monochloroacetic  acid  was  added.  After 
several  minutes  of  gentle  shaking,  the  proteins  were  precipitated  with  trichloro- 
acetic  acid  in  a  final  concentration  of  5%.  The  precipitation  was  permitted  to 
proceed  for  24  hours  in  the  icebox.  Finally,  the  llocculent  precipitate  was  sharply 
centrifuged  down  and  the  clear  supcrnatants  collected.  The  NPN  of  these  super- 
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natants  was  determined  after  digestion  in  boiling  H2SO4  and  "Superoxol"  In- 
direct nesslerization. 

Small  and  very  variable  increases  in  XI'X  were  observed  to  follow  the  addition 
of  Ca  to  the  homogenates.  When  measurements  were  made  within  the  first  hour 
after  Ca  treatment,  the  increments  were  usually  of  the  order  of  2-3  per  cent,  or 
barely  within  the  limits  of  precision  of  the  method.  With  increasing  time,  how- 
ever, more  XI'X  appeared.  The  controls  showed  little  or  no  protease  activity 
in  the  absence  of  Ca  when  NPN  release  was  the  criterion  of  activity.  When  the 
experiments  were  continued  for  several  hours,  however,  the  controls  also  showed 
increments  in  XPX  at  the  end  of  the  experiment  (as  compared  with  a  primary 
control  determination  at  zero  time).  These  increments  were  always  smaller  than 
those  observed  in  the  homogenates  which  contained  Ca. 

Thus,  for  example,  in  an  experiment  which  ran  for  six  hours,  the  experimental 
homogenate,  which  was  treated  with  0.01  .!/  CaCL,  contained  17.3  mg.%  NPN  (the 
value  for  the  final  diluted  assay  sample).  The  control,  run  along  with  the  experi- 
mental, contained  15.6  nig.  9k ,  while  the  primary  control,  which  had  been  pre- 
cipitated with  TCA  six  hours  previously,  contained  14.6  mg.%.  These  values 
are  the  averages  of  triplicate  determinations. 

A  typical  result  for  an  incubation  period  of  24  hours  (at  1°  C.)  is  the  following: 

Material :  Ca-free  homogenate,  lyophilized  and  reconstituted. 

Treatment :  Experimental — 0.02  M  Ca++ 

Control — KC1  of  ionic  strength  equal  to  that  of  added  Ca  solution. 

Result:  Control:  31.0  micrograms  of  NPN/ml. 

Experimental:  52.2  micrograms  of  NPN/ml. 

5.  Electrophoretic  experiments 

Although  electrophoretic  examinations  of  sea  urchin  egg  proteins  and  protein 
fractions  have  been  reported  previously  (Monroy,  1950;  Monroy  and  Monroy 
Oddo,  1951 '),  earlier  work  dealt  with  frozen  and  dried  material.  Since  the  publica- 
tion of  the  critical  experiments  of  Lindvall  and  Carsjo  (1951),  it  has  become  im- 
portant to  re-examine  these  results  in  the  light  of  possible  artifacts  produced  by 
the  lyophilization  of  fertilized  and  unfertilized  eggs  which  retain  their  internal 
as  well  as  external  calcium. 

Electrophoresis  of  extracts  of  homogenates  such  as  are  used  in  the  present 
work  promises  to  be  a  useful  tool  in  the  further  analysis  of  the  S PR-type  reac- 
tions. The  method  employed  in  the  experiments  was  as  follows : 

Two  aliquots  of  homogenate  were  obtained.  One  was  calcified,  and  the  other, 
the  control,  was  treated  in  the  usual  way  with  KC1.  After  a  few  minutes  incuba- 
tion, there  was  the  usual  treatment  with  distilled  water,  followed  by  extraction  in 
the  cold  with  distilled  water.  The  extracts  were  finally  centrifuged  for  twenty 
minutes  at  17,000  to  20,000  g.  Only  clear  or  very  faintly  turbid  supernatants 
were  accepted  for  electrophoretic  analysis.  These  were  placed  in  1-cni.  diameter 
dialysis  tubing  and  dialyzed  in  the  icebox  (1°  C.)  for  48  hours  against  several 
changes  of  500  ml.  of  0.1  N  NaHCO,  at  pH  8.5  (21°  C.').  The  thoroughly 
dialyzed  colloids  were  then  submitted  to  electrophoresis  in  the  Perkin-Elmer 
Tiselius-type  instrument,  using  the  2-ml.  cell.  The  cylindrical  lens  system  was 
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used  for  the  photographic  records  of  the  runs.  Photographs  were  made  at  definite 
intervals  with  the  current  temporarily  turned  off.  For  analysis  of  these  data, 
the  negativo  vver<  pl;u-ed  in  a  photographic  enlarger  and  projected,  and  the  en- 
larged patterns  were  traced  on  cross-section  paper.  The  pattern  shown  in  Figure 
4  was  prepared  in  this  way,  and  then  inked  for  reproduction. 

The  choice  of  liicarhonate  huffer  calls,  perhaps,  for  justification.  This  system 
was  used  hy  Mmiroy  and  Monroy  Oddo  (1951  )  in  their  recent  experiments  upon 
the  protein  fractions  of  fertilized  and  unfertilized  sea  urchin  material.  Their 
patterns  seemed  in  general  to  show  satisfactory  separation.  To  facilitate  com- 
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FIGURE  4.     Electrophoresis  of  water  extracts  of  homogenatcs.     Control,  untreated. 

K \piTimenal,  treatment  with  Ca++. 

parison,  bicarbonate  was  used  in  the  present  experiments.  The  separation  (resolu- 
tion) was  not  as  good  as  could  he  desired,  although  sufficient  for  the  comparative 
data  needed.  Migration  was  quite  rapid. 

Figure  4  shows  a  typical  result.  The  pattern  marked  "control"  is  that  of  the 
water  extract  of  a  control  homogenate.  The  "experimental"  pattern  was  given 
vater  extract  of  a  Ca-treated  homogenate.  Both  patterns  were  photo- 
graphed at  the  same  interval  relative  to  the  commencement  of  the  run.  The 
descending  limits  are  shown.  The  field  strength  (potential  gradient)  was  6.5 
volts/cm.  It  is  apparent  that  the  migration  was  rapid,  and  that  acceptable  resolu- 
tion was  achieved  after  onlv  1440  seconds. 
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In  general,  three  boundaries  were  observed  in  all  experiments  (marked  "2," 
"3,"  and  "4"),  with  a  suggestion  of  a  fourth  ("1")  in  some.  Better  resolution 
of  these  boundaries  has  already  been  achieved  in  experiments  with  buffers  at  a 
lower  pH  (to  be  reported  elsewhere).  In  two  experiments,  a  suggestion  of  a 
very  low,  rapidly  spreading  boundary  (marked  "5"  in  Fig.  4)  was  given  by  the 
experimental  extracts.  In  all  of  the  experiments,  all  boundaries  other  than  the 
slowest  and  largest  (marked  "4")  seemed  unaffected  by  the  precipitation  reaction 
which  had  taken  place  in  the  experimental.  The  loss  in  area  of  boundary  "4," 
as  illustrated  in  the  experiment  described,  may  possibly  be  ascribed  to  a  selective 
interaction  of  the  component  represented  by  the  boundary  with  calcium.  It  re- 
mains possible  that  losses  occurred  in  the  smaller  boundaries  and  are  not  de- 
tectable. Nevertheless,  the  major  effect  of  the  calcium  ions  seems  to  be  upon 
the  largest  component. 

6.    Electron  microscopy 

If  the  precipitation  reaction  under  investigation  does,  indeed,  involve  one  or 
more  specific  fractions  of  the  cell's  macromolecular  or  participate  population,  then 
this  should  be  demonstrable  by  direct  visualization  of  the  insoluble  products  of  the 
reaction.  The  electron  microscope  makes  such  visualization  theoretically  possible. 

Dilute  homogenates  were  prepared.  Ca  was  added  to  the  experimentals,  and 
the  controls  were  treated  with  KC1  of  equal  ionic  strength.  Small  drops  from 
the  experimental  and  control  tubes  were  immediately  withdrawn  and  placed  on 
collodion  films  deposited  on  copper  grids. 

When  the  "SPR"  in  the  experimentals  had  proceeded  for  the  proper  interval 
of  time,  the  reactions  were  stopped  by  flooding  the  mounts  with  distilled  water 
and  removing  the  large  drops  formed  with  filter  paper.  This  process  was  repeated 
several  times,  with  increasing  intervals  between  flooding  and  withdrawal  of  the 
distilled  water.  This  process  served  to  1)  dissolve  away  the  salts,  2)  lyse  the 
large  pigment  granules  and  wash  away  their  ghosts,  and  3)  remove  all  water- 
soluble  parts  of  the  preparation.  In  addition,  the  mechanical  disturbance  oc- 
casioned by  the  withdrawal  of  the  drops  removed  all  but  the  most  tenaciously 
sticky  materials  from  the  collodion. 

The  samples  were  either  permitted  to  dry  immediately,  or  they  were  first  fixed 
with  0.2%  phosphotungstic  acid  for  two  minutes  and  then  washed  again  and 
dried.  Finally,  all  preparations  were  shadow-cast  with  chromium.  The  electron 
micrographs  were  made  with  an  RCA  model  EMU  microscope. 

Fixed  and  unfixed  preparations  gave  essentially  the  same  results,  except  that 
the  materials  fixed  with  phosphotungstic  acid  showed  particles  which  were  slightly 
more  discrete  and  less  flattened.  Some  slight  syneresis  was  observed  in  these 
preparations.  The  discreteness  and  lesser  degree  of  flattening  are  probably  due 
to  a  certain  rigidity  imparted  to  the  proteins  by  the  fixative  action  of  the  acid, 
rather  than  by  its  electron  stain  properties.  The  photographs  presented  in  this 
report  were  all  made  from  fixed  preparations. 

Figure  5  is  typical  of  the  results  obtained  with  the  control  preparations. 
Whether  fixed  or  unfixed,  these  preparations  showed  only  a  thin  layer  of  material 
blanketing  the  collodion  substrate.  The  washing  procedure  appears,  in  these 
preparations,  to  have  removed  not  only  the  water-soluble  materials,  but  in  addition 
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Electron    micrograph    <>f    onitml    preparation.     See    text.      Magnification:    15.0(10 
(  i)ll(i(li(in  Mirtaiv  with  Minir  low-molecular  materials. 
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most  of  the  water-insoluble  materials.  This  is  a  result  of  the  mechanical  dis- 
turbance effected  by  the  repeated  withdrawal  of  the  water  droplets.  Such  a  lack 
of  larger  structures  in  the  control  preparations  is  indeed  fortunate,  for  such  mate- 
rials as  do  appear  as  a  rule  in  the  experimental  preparations  and  are  absent  from 
the  controls  must  in  some  way  have  had  their  solubility  in  water  or  their  adherence 
to  collodion  sharply  altered  by  the  treatment  with  Ca.  The  specimen  in  Figure  5 
is  essentially  clean  collodion  with  perhaps  some  deposit  of  relatively  low-molecular 
material.  The  magnification  is  15,000  diameters. 

Figure  6  is  a  typical  experimental  specimen,  seen  at  a  magnification  of  28,000 
diameters.  Plainly,  the  result  of  the  Ca-treatment  has  been  the  formation  of  a 
flocculent  precipitate,  insoluble  in  water,  and  involving  particles  other  than  the 
large  pigment  granules,  which  have  been  lysed  and  washed  away  by  the  preparation 
method.  At  the  magnification  shown,  it  is  not  possible  to  resolve  the  fine-struc- 
ture of  the  microflocs  to  any  appreciable  extent ;  however,  the  edges  of  the  floe 
shown,  as  well  as  the  very  small  aggregates  on  the  collodion,  suggest  that  the  basic 
aggregating  unit  is  small  and  approximately  spherical.  Although  there  is  a  sug- 
gestion of  linear  aggregation  on  the  figure,  there  is  in  general  no  pronounced 
order  in  the  floes  as  observed.  They  appear  always,  at  this  magnification,  to  be 
of  the  close-packed,  polyfunctional  type. 

\Yhen  observed  at  the  highest  magnifications,  such  as  that  in  Figure  7  ( 110,000 
X  ),  the  thinnest  microflocs  reveal  their  fine-structure.  The  "linear"  aggregates 
seen  only  poorly  at  the  lower  magnifications  dominate  these  pictures  as  long, 
ropy  strands  of  material,  made  up  of  (highly  flattened)  spheres  in  linear  array. 
Since  high  surface  pressures  are  exerted  upon  the  specimens  with  the  air-drying 
technique  used  in  these  preparations,  it  is  likely  that  the  discs  were  originally 
spheres.  The  aggregation  reaction  may  thus  consist  in  part  of  a  difunctional  type 
of  polymerization  at  the  earlier  stages  and  then  an  irregular  and  extensive  inter- 
chain packing  superimposed. 

It  is  probable  that  the  extreme  irregularity  of  the  final  packing  in  the  microflocs 
observed  is  a  result  of  1  )  the  drastic  treatment  of  the  material  during  the  prepara- 
tion of  the  specimens,  and  2 )  syneresis  due  to  the  fixative.  Of  course,  since  the 
particles  in  question  do  not  stick  (probably  because  they  are  not  aggregated)  in 
the  control,  the  foregoing  considerations  do  not  apply  to  controls. 

Several  representative  plates  at  the  high  magnification  (electronic  magnifica- 
tion =  :  13,250  X  )  were  subjected  to  microscopic  examination  and  measurement 
of  the  images  of  the  small  particles  making  up  the  aggregates.  These  particles, 
which  it  should  be  remembered  do  not  remain  on  the  control  mounts,  are  dis- 
tributed in  diameter  about  a  mean  value  of  380  A.  The  distribution  is  skewed 
with  the  mode  displaced  somewhat  toward  the  smaller  diameters,  and  the  variance 
is  rather  large  (S.D.  ==  80  A.). 

The  large  variance,  although  not  unusual  in  electron  microscopic  preparations 
of  cell  fractions,  indicates,  probably,  rather  extensive  deformation  of  the  original 
particles. 

DISCUSSION 

The  objectives  of  these  investigations  were  two-fold  :  first,  the  clarification  of 
the  question  of  protein  solubility  changes  as  a  result  of  the  "test-tube  SPR"  and 
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second,  the  construction  of  a  reaction  mechanism  for  the  over-all  phenomenon. 
By  extension,  such  a  mechanism  would  he  of  great  utility  in  interpreting  the 
molecular  basis  of  colloidal  alterations  in  the  cytoplasm  of  living  cells. 

The  addition  of  calcium  ions  has  been  found  to  reduce  the  solubility  of  some 
proteinaceous  constituent  of  the  homogenate,  or  at  least,  the  sedimentability  of 
this  constituent  is  increased,  which  can  be  interpreted  as  an  increase  in  aggregation. 

Hut  the  second  objective  remains  remote.  One  has  had,  so  far,  to  be  content 
with  the  acquisition  of  a  spectrum  of  possible  reactions  involved  in  the  macroscopic 
event  called  the  SPR.  Thus  the  experiments  reported  make  no  attempt  to  test 
interrelations  of  reactions,  but  rather  to  establish  that  certain  reactions  do  occur 
as  a  result  of  the  initiation  of  a  "test-tube  SPR"  by  Ca. 

The  fact  that  a  local  level  or  optimum  for  precipitation  exists  in  the  homogenate 
with  regard  to  concentrations  of  Ca  added  at  the  level  of  0.001  to  0.01  M  may 
be  related  to  the  following  facts. 

1  )  The  "physiological"  rates  of  reaction  (with  half-time  of  the  order  of  seconds 
to  minutes)  at  21°  C.  are  the  ones  observed  at  these  concentration  levels. 

2)  The  free  Ca  of  unfertilized  eggs  is  of  the  order  of  0.0005  M  (Mazia,  1937). 
Also,  the  concentration  below  which  an  SPR  (in  whole  eggs)  will  not  take  place 
is  very  close  to  this,  viz.,  0.0003  M.  When  the  free  Ca  concentration  of  the 
cytoplasm  is  increased  beyond  this  general  level  (5  X  10  4  M),  the  sea  urchin  egg 
experiences  a  protoplasmic  gelation,  or  clotting.  Mazia  (1937)  demonstrated  that 
the  fertilization  of  sea  urchin  eggs  results  in  the  liberation  of  free  ( ultrafilterable) 
calcium  in  the  egg.  Furthermore,  the  concentration  of  free  Ca  in  the  egg  was 
shown  to  increase  by  0.001  ill  upon  fertilization,  placing  the  total  free  Ca  of  the 
fertilized  egg  at  0.0015  M. 

It  may  be  significant  that  this  level  of  Ca  concentration,  which  we  may  term 
"physiological"  for  the  system  studied,  is  at  one  end  of  the  range  indicated  as 
required  for  reasonably  rapid  rates  of  reaction  in  the  in  vitro  system.  Considering 
the  dilution  of  reactants  which  takes  place  in  the  preparation  of  an  homogenate, 
the  correspondence  of  these  concentration  levels  is  surprisingly  good. 

The  fact  that  the  precipitated  material  contains  nucleic  acid  may  explain  why 
such  large  proportions  of  the  total  cellular  protein  can  ultimately  (at  very  high  Ca 
concentrations )  be  aggregated,  and  still  appear  to  comprise,  through  most  of  the 
concentration  range,  a  single  fraction  or  group  of  fractions  closely  related.  First, 
it  is  safe  to  assume  that  most  of  the  nucleic  acid  being  precipitated  is  PNA. 
Villee  ct  al.  (1949)  have  shown  that  the  DNA  of  the  uncleaved  Arbacia  egg  cor- 
responds to  only  about  6c/c  of  the  total  nucleic  acid,  and  according  to  Abrams 
(  1951  )  this  figure  is  probably  too  high.  The  small  quantity  of  DNA  present  in 
the  homogenate  could  then  hardly  account  for  the  large  proportion  of  the  total 
nucleic  acid  which  can  be  precipitated  by  small  quantities  of  Ca.  Finally,  if  the 
affected  fraction  contains  PNA,  it  may  be  one  of  the  PNA-rich  particle  fractions 
of  the  cytoplasm,  in  which  case  it  could  conceivably  represent  a  large  proportion  of 
the  total  protein  of  the  egg. 

The  electrophoretic  experiments  suggest  that  the  fraction (s)  undergoing  change 
under  the  influence  of  Ca  are  a  part  of  one  of  the  largest  macromolecular  or  small- 
particulate  fractions  of  the  cell.  The  electron  microscope  pictures  show  that  the 
particle  in  question  is  (after  reaction  with  Ca)  a  large  macromolecule  or  a  very 
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small     complex     cytoplasmic    particle    and     that     it     is    probably    globular    before 

polymerization. 

It  is  specified  that  the  particle  has  these  characteristics  after  treatment  with  Ca, 
bi-cause  a  careful  inspection  of  high  magnification  photographs,  such  as  that  in 
Kigure  7.  reveals  a  tine-structure  within  the  particles  themselves,  at  the  level  of 
40-70  A.  Probably,  this  represents  the  tine  structure  of  the  particles,  but  there 
is  no  evidence  that  the  380  A  particle  is  not  itselj  an  aggregation  product  resulting 
from  the  addition  of  Ca.  The  latter  is,  however,  rather  unlikely  for  many  rea- 
sons,  among  which  the  results  of  the  electrophoretic  experiments  and  the  probable 
large  decrease  in  entropy  in  such  a  specific  aggregation  are  prominent. 

Thus,  the  experimental  evidence  seems  to  indicate  a  process  in  which  Ca  brings 
ab:mt  the  aggregation  of  certain  specific  particles  of  the  cytoplasm  into  an  insoluble 
coagulum.  The  specificity  of  this  reaction,  as  well  as  the  quality  of  its  insoluble 
product,  fit  well  with  what  is  known  of  the  SPR  and  of  its  normal  analogue,  the 
cytoplasmic  sol-gel  transformation. 

The  other  events  of  the  test-tube  SPR  also  have  their  analogues  in  the  SPR 
of  the  whole  cell,  and,  interestingly,  in  the  events  of  fertilization  and  stimulation. 
Whether  the  acid  formation  observed  in  the  system  under  investigation  here  is 
related  to  that  which  occurs  at  fertilization  (  Runnstrom,  1933)  is,  of  course,  not 
decided  by  these  experiments.  Nevertheless,  there  is  a  strong  suggestion  that 
this  might  be  the  case.  The  color  changes  appearing  in  the  test-tube  reaction  have 
their  direct  parallel  in  the  SPR,  and  suggest  that  injury  can  produce  large  local 
increases  in  the  hydrogen  ion  concentration  of  protoplasm.  This  is,  of  course,  a 
fact  generally  recognized  from  other  types  of  experiments  (Y.//.,  Chambers  and 
Pollock,  1927).  The  proteolysis  measured  in  the  ;';/  vitro  system  has  its  analogue 
in  fertilization  (  Lundblad,  1950)  and,  in  vivo,  probably  in  the  form  of  a  release 
of  XPX  (Orstrom,  1941  i. 

It  is  perhaps  significant  for  the  evaluation  of  the  "colloid  chemical"  theory  of 
.stimulation  of  Ileilbrunn  (1952)  that  the  /;/  vitro  system  here  studied  has  simi- 
larities to  the  clotting  of  blood  in  two  heretofore  undemonstrated  areas.  Not 
only  do  both  reactions  involve  initiation  or  activation  by  Ca  ions,  but  both  involve 
polyfunctional  polymerizations  of  macromolecular  mourners,  and  both  involve 
some  step  in  which  a  proteolytic  enzyme  is  activated  and  small  quantities  of  NPN 
are  released.  This  must  not  be  taken  to  indicate  that  the  precipitation  reaction 
in  the  homogenate  is  necessarily  mediated  by  a  proteolytic  enzyme.  Such  an 
enzyme  is  indeed  present,  but  its  participation  in  the  reaction  leading  to  aggrega- 
tion in  the  homogenate  must  be  demonstrated  by  methods  not  reported  here. 
Such  methods,  particularly  the  u.se  of  alternating  low  and  high  temperatures,  and 
the  addition  of  clotting  inhibitors  are  currently  in  use  in  this  laboratory.  It  is  also 
interesting,  in  this  connection,  that  the  fat  solvent  anesthetics  such  as  ether  and 
alcohol  inhibit  the  in  vitro  reactions  between  the  honiogenates  and  calcium.  These 
Its  will  be  more  fully  reported  in  another  publication. 

It    should   be  noted   that    the   formation   of   true-   fibers,   such   as   those  of   fibrin 

\vn  and  Porter,  1<M7>,  is  not  observed  in  the  SPR-type  reaction.      Plainly,  the 

fibrin-clot   type  of  structure  could  not,  and  does  not  occur  within  a  living  cell.      It 

is    for    this    reason    that    it    is    erroneous    to    speak    of   cytoplasmic    gelation    or    ot 

"protoplasmic   clotting."     The   word   "gel"    defines   a    system   of   infinite   viscosity, 


SEA  URCHIN  EGG  PROTEINS 


383 


FIGURE  7.     Electron   micnmrapli    »\    experimental    pivparatinn.     S (.•<.-   trxt.     Magnification: 

1 1 0,000  X. 


384  PAUL  R.  GROSS 

which  is  tin-  case  with  a  normal  fibrin  clot.      Putt  in  a  living  cell,  the  cytoplasmic 
visco.sitv  increase-  by  a  tactor  of  three  to  six  in  the  usual  sol-gel  transformation. 

(>nc  presume^  iliat   in   the   Sl'K.  these  changes   would  increase  in  magnitude,  and 
could  indeed  lead  to  a  gel. 

l;rom  thcM'  considerations,  one  may  conclude  that  an  aggregation  process  that 
might  he  expected  to  occur  in  a  living  cell,  or  even  in  the  SPJ\,  should  certainly 
not  lead  to  the  formation  of  fibers  of  great  length.  Rather,  the  expectation  is  a 
reversible  aggregation  of  small  units  into  networks  of  dimensions  easily  accom- 
modated within  the  confines  of  a  single  cell.  The  nature  of  the  aggregation 
process  observed  in  the  homogenate  system  is  thus,  at  least  teleologically,  justified. 

SUMMARY 

1.  The   addition   of   Ca  '    to   homogenates  of   Arbacia   eggs   which   have   been 
previously  made  calcium-free   results   in   the   loss   in   solubility  of  certain  protein 
constituents  of  the  homogenate. 

2.  The  precipitated  material  is  rich  in  nucleic  acid,  and  comes,  at  least  in  part, 
from  the  fraction  non-sedimentable  at  2000  g. 

3.  The  addition  of  Ca+^   to   homogenates  activates  a  proteolytic  enzyme  and 
leads  to  the  release  of  small  amounts  of  additional  non-protein  nitrogen. 

4.  Xone  of  these  reactions  can  be  ascribed  to  the  high  ionic  strength  of  solu- 
tions of  calcium  salts  as  compared  with  that  of  isosmotic  solutions  of  uni-univalent 
salts. 

5.  The   fraction   undergoing   solubility    loss   appears   to    be   electrophoretically 
homogeneous,  since  it  is  represented  by  the  largest  and  slowest-migrating  boundary 
in  the  water  extract  of  the  homogenate. 

(>.  Electron  microscope  observations  reveal  that  the  aggregating  material  con- 
sists of  spherical  or  discoidal  particles  of  (flattened  )  diameter  380  A.  The  aggrega- 
tion pattern  observed  is  that  of  microflocs. 

7.  The  possible  significance  of  these  observations  for  the  mechanism  of  the 
surface  precipitation  reaction  and  for  sol-gel  changes  in  the  cell  interior  is  discussed. 

LITERATURE  CITED 

A.BRAMS,    R.,    1951.     Synthesis   of   nucleic   acid    purines    in   the   sea    urchin    embryo.     /:.r/>.    l  V// 

Res.,  2:  235-242. 
I'.ORKI,    II.,    1933.     Beitrage    y.\\\-    Kenntnis    der    Vorgiinge    bei    der    Befruchtung    des    Echino- 

denncies.     Zcitschr.  Vergl.  riiysiol..  20 :  258-266. 
< 'osTKU.o,   I).   I'.,   1932.     The  surface   precipitation   reaction   in   marine  eggs.     I'rohi^lnsuni.   17: 

239  257. 

I'll  AMHKKS,  R.,  AM)  H.  Pou.ocK,  1927.  Micrurgical  studies  in  cell  physiology.  [\*.  Color- 
imetric  determinations  of  the  nuclear  and  cytoplasmic  pH  in  the  starfish  egg.  ./.  (/Y/i. 
Physiol,  10:  739-755. 

NK,   J..    1935.       I  lie    biuret    method    ot    estimating    albumin    and    globulin    in    serum    and    urine. 
Biochetn.  J.,  29:  799-S03. 

\.,   19,i2.     A   stud\"  of  colloidal  changes  in  sea  urchin  egg   homogenates.     Hid.   />'»//.. 
103:  293. 

I...    1943.     The   oMuotic   ]>ropcTties   (.t"   the   cytoplasmic    granules   of  the   sea    urchin 
Biol  null..  85:   179   192. 

xi)    K.    R.    I'OIMKK,    1947.      The    line    structure    of   clots    from    purified    bovine 
and   ihrombin  :    a    study    \\ith    the   electron    microscope.     ./.    /<>/>.    .!/<'</..   86: 


SEA  URCHIN  EGG  PROTEINS  385 

HEILBRUXN,  L.  V.,  1927.     The  colloid  chemistry  of  protoplasm.     Y.  A  preliminary  study  of  tin- 
surface  precipitation  reaction  of  living  cells.     Arch.  I.  Exp.  Zellforschung,  4:  246-263. 
HEII.BRUNN,  L.   Y.,   1928.     The  colloid   chemistrv   of   protoplasm.     Protoplasma    Mono^raphien 

Vol.  1.     Berlin. 
HEILBRUNN,   L.    V.,    1952.     An    outline   of   general    physiology.     W.    B.    Saunders    Co..    Third 

edition.     Philadelphia. 
HULTIN,  T.,  1950a.     On  the  oxygen  uptake  of  Paracentrotus  livid  us  egg  homogenates  after  the 

addition  of  calcium.     Exp.  Cell  Res.,  1  :  159-168. 
HULTIN,  T.,  1950b.     On  the  acid  formation,  breakdown  of  cytoplasmic  inclusions,  and  increased 

viscosity  in  Paracentrotus  egg  homogenates  after   the  addition   of  calcium.     Exp.   Cell 

Res.,  1  :  272-283. 
LASER,    H.,    AND    LORD    ROTHSCHILD,    1939.     The    metabolism    of   the    eggs    of    Psanuneehinus 

iniliaris  during  the  fertilization  reaction.     Proc.  Roy.  Soc.  Loud..  .SVr.  /•>'.  126:  539-556. 
LINDVALL,  S.,  AND  A.   CARSjo,   1951.     On  protein  fractions  and  inorganic   ions   in   sea   urchin 

eggs,  fertilized  and  unfertilized.     Exp.  Cell  Res.,  2:  491—498. 
LORAND,  L.,  1952.     Fibrino-peptide.     liwcliem.  ./..  52:  200-203. 
I.UNDBLAD,    G.,    1950.     Proteolytic    activity    in    sea    urchin    gametes.     I.    Activity    in    untreated 

extracts.     Exp.  Cell  Res..  1  :  264-271. 
LUNDBLAD,  G.,  1952.     Proteolytic  activity  in  sea  urchin  gametes.     II.  Activity  of  extracts  and 

homogenates  of  the  egg  subjected  to  different  treatments.     Arkii1  for  Keiui.  4:  537-565. 
MAZIA,   D.,    1937.     The   release   of  calcium   in   Arbacia   eggs   on   fertilization.     ./.    Cell.    Comp. 

Physiol..  10:  291-304. 
MONROY,   A.,   1950.     A   preliminary   electrophoretic   analysis   of  proteins   and   protein   fractions 

in  sea  urchin  eggs  and  their  changes  on  fertilization.     Exp.  Cell  Res.,  1  :  92-104. 
MONROY,  A.,  AND  MONROY  ODDO,  1951.     Solubility  changes  of  proteins  in  sea  urchin  eggs  upon 

fertilization.     /.  Gen.  Physiol.,  35  :  245-253. 
ORSTROM,   A.,    1941.     Uber   die   Stickstoffraktionen   im   Ei   von   Paracentrotus   liridus   vor   und 

nach  der  Entwicklungserregung,  und  iiber  ihre  Bedeutung  fur  den  osmotischen  Druck 

und  den  Stoflfwechsel.     Arkiv  for  Kenii,  Mineral,  och  (Wo/.,  15  A:  1-13. 
RUNNSTROM,  J.,   1933.     Spaltung  und  Atmung  bei  der  Entwicklungserregung  des   Seeigeleies. 

Biochcm.  Zeitsehr.,  258:  257-279. 
RUNNSTROM,  J.,  1951.     Problems  of  fertilization  as  elucidated  by  work  on  sea  urchins.     Harrev 

Lectures,  46:  116-152. 
VILLEE,  C.  A.,  M.  LOWENS,  M.  GORDON,  E.  LEONARD  AND  A.  RICH.  1949.     The  incorporation 

of  P32  into  the  nucleoprotein  and  phosphoprotein  of  the  developing  sea  urchin  embryo. 

/.  Cell.  Comp.  Physiol.,  33:  93-112. 
WARBURG,  O.,  AND  W.  CHRISTIAN,  1942.     Isolierung  und  Kristalisation  des  Garungsferments 

Enolase.     Biochcm.  Zeitsehr.,  310:  384-421. 
WOODWARD,  A.  A.,   TK..  1948.     Protoplasmic  clotting  in  isolated  muscle  fibers.     J.  Cell.  Comp. 

Physiol.,  31  :  359-394. 
WOODWARD,  A.  A.,  JR.,  1949.     Proteolytic  enzymes  in  the  cytoplasmic  granules  of  Arbacia  eggs. 

Biol.  Bull.,  97:  264. 


A  TIDAL   Kin  THAI   IX   BL11AY1OR  OK   M  LLAX(  )l'H(  >RES 
IN    AUTOTOMIZED  LEGS  OF  UCA  PUGNAX 

MA  RCA  RET  X.  H1XKS  ' 

/V/>/.  oj  l-Holot/icul  Sciences,  \'i>rtli-tt.'csfcni   Cnircrsily.-     /'.-I'dnston.  Illinois 

Studie>  of  the  hehavior  of  marine  animals  have  shown  that  a  numher  of  forms 
which  normally  are  exposed  to  periodic  tidal  variations  in  their  environment  possess 
patterns  of  activity  which  are  correlated  with  the  tides.  In  some  instances  these 
tidal  rhythms  have  heen  found  to  persist  under  constant  conditions  in  the  laboratory. 
The  literature  of  this  suhject  has  heen  reviewed  by  Brown,  Fingerman,  Sandeen 
and  Webb  (1953). 

The  cbromatopbore  system  of  the  fiddler  crab,  Uca  />»</m;.r,  has  provided  the 
basis  for  considerable  study  of  rhythmic  hehavior.  These  crabs  possess  a  diurnal 
rhythm  of  color-change,  such  that  they  are  dark  during  the  day,  due  to  dispersed 
melanin  within  the  chromatophores,  and  light  at  night,  due  to  concentrated 
melanin.  These  diurnal  variations  are  supplemented  by  a  tidal  rhythm  of  melanin 
dispersion  possessing  12.4-hour  cycles  (Brown,  Fingerman,  Sandeen  and  Webb, 
l''53i.  The  simultaneous  possession  of  diurnal  and  tidal  rhythms  results  in  semi- 
lunar  cycles  of  14.8-day  frequency,  since  it  is  at  this  interval  that  a  given  phase  of 
tide  coincides  with  a  given  time  of  day. 

The  daily  pattern  of  oxygen  consumption  of  Uca  also  shows  variations  which 
are  tidally  and  diurnally  rhythmic  (Brown,  Bennett  and  Webb,  1953).  The 
diurnal  rhythm  in  metabolic  rate  was  demonstrated  by  determining  the  average 
oxygen  consumption  during  each  hour  of  the  day  of  a  15-day  period.  The  tidal 
rhythm  was  demonstrated  by  utilizing  data  for  a  29-day  period  in  such  a  fashion 
that  the  diurnal  rhythm  was  randomized. 

Both  color-change  and  oxygen  consumption  are  hormonally  regulated  processes. 
However,  as  yet  there  has  been  no  direct  demonstration  of  variations  in  the  titer 
of  hormonal  substances  in  the  blood  of  Uca.  The  chromatophores  of  legs  au- 
totomized  by  the  crabs  remain,  at  least  initially,  in  contact  with  the  blood-borne 
substances  which  must  normally  determine  the  degree  of  dispersion  of  the  pig- 
ments. It  was  believed  that  the  changes  in  the  state  of  melanin  dispersion  follow- 
ing leg  autotomy  might  rellect,  in  some  fashion,  the  normal  variations  in  hormonal 
concentrations  which  occur  in  the  intact  animal.  The  experiments  to  be  reported 
here  were  begun  in  an  attempt  to  determine  what  factors  might  be  involved  in  the 
behavior  ot  melanophores  following  autotomy. 

MATKKIALS  AND   MKTIIODS 

t'lii/na.v   were  collected  at    Chapoquoit,   near    Woods    Hole,    Massachusetts. 
liiituined    in    the    Marine    Biological    Laboratory    in    large    white    dish    pans 

or  wislu-s  to  thank   I  )r.  Krank  A.  liroun.  Jr.,  ulm  su^sjrsk'd  this  problem,  for  his 

the  course  of  the  study  ami  in  the  preparation  of  the  manuscript. 
iddress :   Department  of  Kiolo^y,  t'ollr»r  of  YVooskT,  \Voostcr,  Ohio. 
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containing  sea  water  to  a  depth  of  a  few  millimeters.  The  animals  were  maintained 
in  continuous  illumination  which  varied  in  intensity  from  2  ft.c.  during  the  night 
to  approximately  1  5  ft.c.  during  the  day.  The  stock  group  was  replenished  with 
freshly  collected  animals  at  intervals  of  two  to  four  days.  In  no  experiment  were 
animals  used  which  had  been  in  the  laboratory  longer  than  four  days. 

In  order  to  determine  the  behavior  of  the  melanophores  in  autotomized  legs 
animals  were  induced  to  autotomize  two  or  three  legs  by  applying  pressure  on  a 
distal  segment  of  the  leg.  The  autotomized  legs  were  placed  in  sea  water  in 
Syracuse  watch  glasses.  In  determining  the  degree  of  melanin  dispersion  char- 
acteristic of  any  group  of  legs  the  average  index  of  the  melanophores  on  the 
anterior  surface  of  the  meropodite  of  each  leg  was  estimated,  using  the  Hogben 
and  Slome  scale,  in  which  1  describes  conipletely  concentrated  pigment,  5  describes 
completely  dispersed  pigment,  and  2,  3,  and  4  describe  graded  intermediate  degrees 
of  dispersion.  The  average  of  the  indices  estimated  for  the  several  legs  of  each 
group  was  considered  to  describe  the  degree  of  melanin  dispersion  characteristic 
of  that  group. 

The  experiments  were  conducted  during  the  summer  of  1953.  The  times  of 
high  and  low  tides  referred  to  in  this  paper  are  those  occurring  on  the  day  of  the 
experiment  at  the  site  of  collection  of  the  animals. 

EXPERIMENTS  AND  RESULTS 

Scries  I.     Characteristics  oj  the  behavior  of  melanophores  dnrincj  the  hour  jol low- 
ing aiitotoinv 

The  average  rate  of  concentration  in  melanophores  of  fifty  legs  obtained  from 
twenty-five  animals  selected  randomly  from  the  stock  group  was  determined  during 
the  hour  after  the  legs  were  caused  to  autotomize.  The  legs  were  divided  into  five 
groups,  each  consisting  of  two  legs  obtained  from  each  of  five  animals.  The  aver- 
age chromatophore  index  of  each  group  was  determined  immediately  following  auto- 
tomy  (10  A.M.),  and  again  10,  20,  30,  45,  and  60  minutes  following  autotomy.  The 
average  chromatophore  index  of  all  legs  at  the  time  of  autotomy  was  4.7  ;  the  average 
values  of  the  subsequent  readings  were  4.6,  4.3,  3.8,  3.5,  and  3.5. 

This  procedure  was  repeated  at  5  P.M.  on  the  same  day.  The  average  chroma- 
tophore index  of  the  fifty  legs  at  the  time  of  autotomy  was  4.0.  The  average  stages 
at  10,  20,  30,  45,  and  60  minutes  following  autotomy  were  3.7,  3.1,  2.9,  2.5,  and  2.7, 
respectively. 

The  average  chromatophore  index  determined  for  each  group  of  ten  legs  at  each 
reading  is  plotted  in  Figure  1.  By  calculating  the  slopes  of  the  various  intervals  of 
each  of  these  curves,  it  was  determined  that  the  maximum  rate  of  concentration  oc- 
curred during  the  first  30  minutes  following  autotomy  in  eight  of  the  ten  groups. 
The  standard  deviation  of  the  30-minute  values  obtained  for  the  five  groups  of  legs 
in  the  first  experiment  is  ±  0.49,  and  that  for  the  values  obtained  in  the  second  ex- 
periment is  ±  0.33. 

It  was  concluded  that  in  frequent  determinations  of  the  behavior  of  the  melano- 
phores in  autotomized  legs,  the  average  chromatophore  stage  of  a  group  of  ten  legs 
determined  30  minutes  after  autotomy  could  be  used  as  a  good  index  of  the  direction 
and  the  relative  rates,  and  total  amount  of  change  in  the  melanophores.  Numerous 
additional  observations  have  also  indicated  that  the  chromatophore  stage  observed 
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FIGURE  1.  The  behavior  of  melaimphores  of  L'ca  pu</mi.v  during  the  hour  following 
autut.nny  (Series  I).  The  values  for  the  five  groups  of  legs  autotomized  at  10  A.M.  are 
represented  in  the  A  portion  of  the  graph,  while  those  for  the  legs  autotomized  at  5  I'.M.  are 
given  in  the  R  portion. 

30  minutes  following-  autotomy  is  as  accurate  an  index  of  such  melanin  changes  as 
one  could  find. 

Scries  II.     Behavior  in  leys  u'il/i  ina.riinallv  dispersed  melanin 

Crahs  maintained  in  an  illumination  of  100  ft.c.  were  used  in  preliminary  studies 
ot  factors  affecting  the  melanophore  behavior  in  autotomized  legs.      For  each  deter- 
mination two  legs  were  removed  from  each  of  six  animals  in  which  the  melanin  was 
!  dispersed,  and  the  average  chromatophore  index  ot  the  groups  was  cle- 
3f>  minutes  after  autotomy.     A  total  of  32  determinations  were  made  be- 
.M.  and  10  I'.M.  on  7  days. 

data  are  snmmari/ed  in   Kigure  2.       The  difference  between  the  time  of 

A\  autotomy  was  induced  and  the  time  of  day  of  the  nearest  high  tide  was 

calcula          or  each  determination;  the  average  chromatophore  index  observed  30 


MELANOPHORES  IN  AUTOTOMIZED  LEGS 


389 


minutes  after  autotomy  has  been  plotted  against  the  difference  so  obtained.  The 
lowest  30-minute  values,  indicative  of  the  greatest  concentration,  were  observed 
when  the  determinations  were  made  near  the  time  of  high  tide.  The  highest  30- 
minute  values  were  observed  when  autotomy  was  induced  between  the  times  of  a 
high  tide  and  a  low  tide. 

Series  III.     Relationship  between  the  time  of  high  tide  and  the  behavior  of  melano- 
phores 

In  order  to  determine  any  variation  in  melanin  concentration  which  might  be 
correlated  with  the  time  of  day  at  which  high  tide  occurs,  observations  were  made 
through  the  daytime  over  a  period  of  23  days.  Crabs  of  the  stock  group  maintained 
in  continuous  illumination  of  2-  to  15-ft.c.  intensity  were  used  in  this  study.  Auto- 
tomy of  two  legs  of  each  of  five  animals,  selected  randomly,  was  induced  at  half- 
hour  intervals.  The  average  melanophore  stage  of  each  group  of  legs  was  deter- 
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FIGURE  2.  The  30-minute  values  in  legs  autotomized  by  animals  with  maximally  dispersed 
melanophores  (Series  II).  The  values  are  plotted  against  the  difference  between  the  time  of 
day  at  which  autotomy  was  induced  and  the  time  of  day  of  the  nearest  high  tide. 
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mined  at  the  time  of  autotomy  and  again  30  minutes  afterwards.  During  the  first 
few  days  of  the  series  observations  were  made  between  8  A.M.  and  5  P.M.  During 
the  latter  portion  of  the  series  observations  were  extended  to  include  earlier  and 
later  periods. 

In  analyzing  these  data  the  initial  melanophore  indices  of  the  two  groups  of  legs 
studied  in  any  one  hour  were  averaged  to  give  a  measure  of  the  average  dispersion 
of  melanin  for  the  population  at  that  time.  Also  the  30-minute  values  obtained  for 
the  two  groups  observed  during  each  hour  were  averaged  to  give  a  measure  of  the 
characteristic  melanophore  stage  at  the  end  of  the  half-hour  following  autotomy  at 
that  time  of  day.  The  differences  between  these  average  initial  values  and  their 
respective  30-minute  values  provide  the  basis  for  calculating  the  rates  of  concentra- 
tion characteristic  of  each  hourly  period. 

The  behavior  of  melanophores  of  legs  obtained  from  this  stock  population  clearly 
reflects  the  diurnal  rhythm  of  color-change  of  the  intact  animals.  In  only  a  few 
cases  did  dispersion  of  melanin  occur  following  autotomy.  Consequently  the  low 
values  characteristic  of  the  intact  animals  during  the  periods  of  transition  between 
day  and  night  phases  are  consistently  associated  with  low7  30-minute  values. 

The  basic  diurnal  pattern  in  behavior  of  melanophores  can  be  demonstrated  by 
determining  the  average  value  for  each  hourly  interval  for  a  15-day  period.  The 
tidal  rhythm,  which  also  is  significant  in  this  series,  is  thereby  randomized,  since 
each  phase  of  the  tidal  cycle  will  occur  once  in  relation  to  each  hourly  determination 
during  a  15-day  period.  This  procedure  was  employed  in  determining  the  diurnal 
pattern  illustrated  in  Figure  3.  The  behavior  following  autotomy  (Curve  B,  which 
represents  the  30-minute  values)  clearly  reflects  the  diurnal  rhythm  of  the  intact 
animals  seen  in  Curve  A,  which  represents  the  initial  values.  In  addition,  there 
appears  to  be  a  diurnal  rhythm  in  rate  of  concentration,  as  indicated  by  the  increased 
width  of  the  band  bounded  by  the  two  curves  during  the  afternoon  hours. 

The  tidally  rhythmic  behavior  in  this  series  can  best  be  seen  by  examining  the 
data  for  individual  days.  These  are  presented  graphically  in  Figures  4  and  5. 
Since  a  detailed  analysis  of  the  normal  daily  variations  in  melanophore  dispersion 
has  been  made  by  Brown,  Fingerman,  Sandeen  and  Webb  (1953),  the  Curve  A  for 
each  day,  describing  the  degree  of  dispersion  at  the  time  of  autotomy,  will  not  be 
analyzed  here.  These  curves  are  included  only  to  indicate  the  "baselines"  for  the 
changes  occurring  in  the  autotomized  legs.  However,  the  daily  character  of  the  be- 
havior of  the  melanophores  following  autotomy,  as  described  by  the  series  of  30- 
minute  values  for  each  day  (Curve  B),  will  be  considered  in  some  detail. 

Examination  of  the  series  of  30-minute  values  observed  on  August  10,  11,  12, 
13,  14,  and  15  (Fig.  4),  shows  that  high  tide  occurred  within  an  hour  of  the  time 
at  which  a  minimum  of  melanin  dispersion  was  seen.  On  these  days  high  tide  oc- 
curred between  8  A.M.  and  12  noon. 

The  observations  on  August  17  to  22,  inclusive,  are  also  presented  in  Figure  4. 
<  hi  August  17  the  lowest  in  a  series  of  generally  low  values  was  seen  at  the  usual 
time  relative  to  high  tide.  On  August  18,  four  values  obtained  around  the  time  of 
high  tide  formed  a  broad  minimum,  but  again  the  lowest  value  was  seen  near  the 
time  of  high  tide.  Any  increase  in  concentration  correlated  with  the  high  tide 
which  occurred  at  3  P.M.  on  August  19  was  more  or  less  masked  by  the  generally 
increasing  degrees  of  concentration  which  occurred  during  the  afternoon. 


MELANOPHORES  IN  AUTOTOMIZED  LEGS 


391 


X  5 

LJ 
Q 


u 
O 

f' 

O2 
a: 

r 
u 


I  - 


8     9 
AM 


10     II     12 


I      2 
PM 


34567 


FIGURE  3.  Diurnal  variation  in  behavior  of  melanophores  in  autotomized  legs,  obtained  by 
averaging  data  from  August  18  through  September  1,  inclusive  (Series  III).  Open  circles 
(Curve  A)  represent  the  average  values  at  the  time  of  autotomy,  while  solid  circles  (Curve  B) 
represent  the  average  values  30  minutes  after  autotomy. 

On  August  20  a  minimum  value  occurred  at  the  time  of  high  tide.  The  degree 
of  dispersion  reached,  however,  an  over-all  minimum  at  8  P.M.  in  the  diurnal  rhythm 
of  change.  On  August  21,  when  high  tide  occurred  at  4:50  P.M.,  the  tidal  chro- 
matophore  change  was  obscured  by  the  diurnally  rhythmic  change.  The  observa- 
tions of  August  22  were  begun  just  following  the  time  of  high  tide  at  5  :40  A.M.  A 
rapid  increase  in  degree  of  dispersion  was  observed,  and  was  found  to  be  maintained 
until  shortly  before  the  time  of  the  evening  tide. 

On  August  23,  24,  and  25  (Fig.  5)  observations  spanned  the  time  of  both  morn- 
ing and  evening  high  tides.  In  general,  the  increase  in  concentration  typical  of  the 
time  of  high  tide  appeared  to  be  obscured  by  the  simultaneous  occurrence  of  the 
transition  between  the  night  and  day  phases.  The  expression  of  the  tidal  rhythm 
was  apparent  chiefly  as  the  delayed  occurrence  of  strong  dispersion  during  the 
morning,  and  the  early  appearance  of  concentration  during  the  afternoon.  On 
August  24,  however,  a  slight  but  nonetheless  definite  increase  in  concentration  was 
correlated  with  the  time  of  the  high  tide  which  occurred  at  7  A.M. 

Figure  5  also  includes  the  observations  from  August  26  to  September  1,  inclu- 
sive. An  increase  in  concentration  was  associated  with  the  time  of  high  tide  on 
August  26  and  again  on  August  27.  On  August  28  this  characteristic  tidal  re- 
sponse, although  somewhat  obscured  by  the  low  degree  of  dispersion  observed 
throughout  the  day,  was  again  apparent.  On  August  29  progressively  greater  de- 
grees of  concentration  were  observed  following  the  7  A.M.  determination,  reaching 
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FIGURES  4-5.  The  melanophore  behavior  in  the  autotomi/.ed  legs  of  crabs  studied  in 
Scries  III.  Open  circles  (Curve  A)  represent  the  values  observed  at  the  time  of  autotomy  and 
half-closed  circles  (Curve  B)  represent  the  values  observed  30  minutes  following  autotomy. 
The  times  of  high  tides  are  indicated  by  arrows. 
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a  minimum  correlated  with  the  time  of  high  tide  at  11  :30  A.M.  A  second  peak  oc- 
curred three  hours  after  the  time  of  high  tide;  subsequently,  increasing  degrees  of 
concentration  correlated  with  the  onset  of  the  night  phase  were  observed. 

Between  6  A.M.  and  5  P.M.  on  August  30  there  was  a  sustained  tendency  toward 
dispersion,  with  the  exception  of  the  values  obtained  near  the  time  of  high  tide  at 
12:30  P.M.  The  characteristic  increase  in  concentration  was  seen  at  the  time  of 
high  tide  on  August  31.  On  September  1  an  increasing  degree  of  concentration 
was  observed  throughout  the  observations,  but  the  minimum  of  the  day  phase  values 
was  seen  during  the  hour  preceding  the  time  of  high  tide  at  3  P.M. 

DISCUSSION 

The  behavior  of  melanophores  of  legs  autotomized  by  light-maintained  animals 
has  been  shown  to  be  characterized  by  varying  degrees  of  pigment  concentration. 
The  extent  of  concentration,  as  measured  30  minutes  following  autotomy,  reflects 
the  diurnal  change  in  pigment  dispersion  which  occurs  in  a  population  maintained  in 
continuous  illumination  of  low  intensity  (Series  III).  During  the  night  phase, 
and  the  periods  of  transition  between  night  and  day  phases,  the  relatively  concen- 
trated state  of  the  melanin  of  the  intact  animals  serves  as  one  limiting  value  on  the 
range  of  change  in  melanin  dispersion  in  isolated  legs.  However,  the  relationship 
between  the  initial  chromatophore  values  and  the  30-minute  values  is  not  a  parallel 
one.  When  the  tidal  influences  are  removed  by  averaging  the  data  of  one  tidal 
cycle,  it  becomes  apparent  from  the  width  of  the  band  bounded  by  Curves  A  and  B, 
Figure  3,  that  an  increased  rate  of  concentration  is  characteristic  of  afternoon  and 
early  evening  determinations.  The  average  rates  of  concentrations,  expressed  as 
chromatophore-unit  change  during  the  30  minutes  following  autotomy,  range  from 
0.6  for  8  A.M.  to  1.2  for  5  P.M.  Thus  two-fold  differences  may  exist  between  the 
behavior  characteristic  of  the  morning  and  afternoon  hours,  other  factors  equal. 

Although  there  are  insufficient  data  to  exclude  tidally  rhythmic  influences,  ex- 
amination of  the  available  data  suggests  that  lower  rates  of  concentration  are  char- 
acteristic of  the  later  evening  hours.  The  relationship  prevailing  during  the  early 
morning  hours,  when  the  melanin  of  the  intact  animal  is  dispersing,  remains  obscure. 
It  can  be  seen  from  the  foregoing  that  the  30-minute  values  reflect  not  only  the  di- 
urnal rhythm  in  the  melanophores  of  the  intact  animal,  but  also  a  diurnal  rhythm 
of  ability  to  concentrate  following  autotomy,  with  the  forms  of  these  two  rhythms 
differing  slightly  from  one  another. 

Superimposed  on  the  diurnal  rhythm  evident  in  the  30-minute  values  are  modifi- 
cations which  are  correlated  with  the  phases  of  tidal  cycles.  The  expression  of 
these  modifications  is  a  function  of  the  time  of  day  at  which  the  various  tidal  phases 
appear.  Correlated  with  low  tides  occurring  between  6  A.M.  and  4  P.M.  there  is  a 
characteristic  high  degree  of  dispersion  in  the  isolated  legs.  In  the  evening  this 
low-tide  phase  is  antagonized  by  the  diurnally  rhythmic  mechanism  to  produce  both 
lessened  dispersion  of  the  pigment  of  the  intact  animals,  and  increased  rate  of  con- 
centration following  autotomy.  In  contrast,  a  low  degree  of  dispersion  following 
autotomy  near  the  time  of  high  tide  is  characteristic  whether  or  not  the  diurnal 
tendency  for  dispersion  in  the  intact  animals  and  maintained  dispersion  of  melanin 
in  isolated  legs  is  present.  During  the  day  phase  the  degree  of  dispersion  observed 
30  minutes  following  autotomy  readies  a  minimum  near  the  time  of  high  tide, 
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thereby  providing  a  method  whereby  the  phase  of  the  tidal  rhythm  of  the  crabs  may 
be  determined,  as  described  in  a  preliminary  report  of  these  experiments  (Hines, 
1953). 

Although  in  many  cases  a  lower  initial  degree  of  dispersion  can  be  observed 
around  the  time  of  high  tide,  the  increased  amount  of  concentration  following  auto- 
tomy  that  is  associated  with  the  time  of  high  tide  is  not  simply  a  reflection  of  the 
degree  of  dispersion  at  the  time  of  isolation.  There  is  a  general  tendency  toward 
an  increased  rate  of  concentration  near  the  time  of  high  tide.  This  is  readily  ap- 
parent from  Series  II,  and  is  also  evident  in  the  results  of  Series  III  (see  especially 
the  data  for  August  10,  12,  20,  and  30). 

The  isolated-leg  preparation  provides  a  method  for  following  changes  in  chro- 
matophore  stage  resulting  from  the  gradual  inactivation  of  the  hormonal  substance 
or  substances  responsible  for  the  stage  of  the  chromatophores  in  the  intact  animal. 
It  may  be  considered  as  a  system  in  which  the  chromatophores  remain  in  contact 
with  a  medium  containing  hormonal  substances,  but  a  medium  into  which  the 
normal  centers  of  hormone  production  no  longer  secrete  additional  chromatophoro- 
tropins. 

Sandeen  (1950)  has  demonstrated  that  a  melanin-dispersing  substance  is  present 
in  extracts  of  both  the  sinus  gland  and  central  nervous  organs.  If  only  one  such  sub- 
stance were  responsible  for  the  state  of  the  chromatophores,  one  would  expect  that 
the  various  degrees  of  dispersion  in  the  intact  animal  would  be  achieved  by  means 
of  varying  concentrations  of  this  one  substance  in  the  blood.  In  this  case,  one 
would  also  expect  that  the  rate  of  inactivation  of  the  substance  would  be  a  function 
of  its  concentration  and  that,  following  autotomy,  a  specific  rate  of  pigment  concen- 
tration would  be  associated  with  each  particular  degree  of  initial  dispersion.  If 
such  a  simple  relationship  between  initial  degree  of  dispersion  and  rate  of  concen- 
tration following  autotomy  is  not  observed,  it  would  appear  that  something  other 
than  a  single  dispersing  hormone  is  operative  in  determining  the  state  of  the  melano- 
phores.  The  observations  of  Series  II  are  illustrative  in  this  regard.  In  every 
case,  the  melanin  was  maximally  dispersed  at  the  time  of  autotomy.  However,  the 
extent  of  concentration  which  occurred  during  the  30  minutes  following  autotomy 
varied  widely. 

The  foregoing  evidence  for  a  dual  or  multiple  humoral  control  of  the  melano- 
phores  is  substantiated  by  the  overlapping  ranges  of  the  30-minute  values  of  Series 
II  and  III.  In  Series  III  the  initial  intermediate  degrees  of  dispersion  were  often 
associated  with  30-minute  values  greater  than  the  lowest  30-minute  values  observed 
in  Series  II,  indicating  that  the  various  rates  observed  in  Series  II  do  not  reflect 
simply  inactivation  of  various  amounts  of  dispersing  hormone  in  excess  of  that 
which  can  be  reflected  in  the  average  stage  of  the  melanophores. 

It  would  appear,  then,  quite  difficult  to  interpret  these  data  in  terms  of  the  action 
of  a  single  dispersing  hormone.  The  presence  of  a  melanin-concentrating  principle 
was  first  postulated  by  Brown  and  Webb  (1948),  and  was  apparently  required  for 
an  adequate  interpretation  of  the  responses  of  Uca  to  changes  in  illumination  (Brown 
and  Hines,  1952)  and  to  photoperiod  (Brown  and  Stephens,  1951).  These  experi- 
ments were  interpreted  in  terms  of  the  role  of  both  a  dispersing  and  a  concentrating 
hormone  in  determining  the  normal  day-to-night  and  night-to-day  changes.  Subse- 
quently, the  degree  of  pigment  dispersion  during  the  day  phase  was  found  to  be 
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correlated  with  the  phases  of  the  tidal  rhythm  (Brown,  Fingerman,  Sandeen  and 
Webb,  1953).  The  present  study  of  the  behavior  of  melanophores  in  autotomized 
legs  suggests  that  the  ratio  of  effective  concentrations  of  dispersing  and  concen- 
trating hormones  must  be  influenced  by  the  tidally  rhythmic  mechanism,  as  well  as 
by  the  diurnally  rhythmic  one.  If  two  antagonistic  hormones  are  responsible  for 
determining  the  initial  degree  of  dispersion,  it  becomes  possible  for  any  given  inter- 
mediate degree  of  dispersion  to  be  the  result  of  a  wide  range  of  concentrations  of  one 
of  the  substances  in  the  presence  of  directly  varying  amounts  of  a  second.  The  di- 
urnal and  tidal  variations  in  rate  of  concentration  following  autotomy  may  then  be 
considered  as  a  reflection  of  rhythmic  variations  in  the  amounts  of  the  two  sub- 
stances. It  would  also  appear  that  there  is  a  more  rapid  loss  of  dispersing  than  of 
concentrating  activity. 

SUMMARY 

1.  The  melanophores  of  the  legs  of  Uca  pugnax,  following  autotomy  induced  dur- 
ing the  day  phase  of  the  diurnal  rhythm,  tend  to  concentrate  their  pigment.     An  ade- 
quate measure  of  the  extent  of  concentration  characteristic  under  any  given  condi- 
tions can  be  determined  by  observing  the  degree  of  dispersion  30  minutes  following 
autotomy. 

2.  The  degree  of  dispersion  measured  30  minutes  following  autotomy  reflects  both 
a  diurnal  and  a  tidal  rhythm  in  the  behavior  of  melanophores  in  autotomized  legs. 
During  the  day  phase,  when  the  melanin  of  the  intact  animals  is  dispersed,  relatively 
little  concentration  occurs  following  autotomy  near  the  time  of  low  tide.     An  in- 
creased degree  of  concentration  is  observed  when  legs  are  isolated  near  the  time  of 
a  high  tide  occurring  during  the  day  phase.     This  tidally  rhythmic  behavior  has 
been  observed  for  both  a  population  with  maximally  dispersed  melanin,  and  for  one 
with  normally  varying  degrees  of  melanin  dispersion. 

3.  The  variations  in  rate  of  concentration  which  have  been  observed  cannot  be 
explained  as  due  solely  to  the  inactivation  of  the  melanin-dispersing  hormone.     It  is 
necessary  to  assume  that  both  the  state  of  the  melanophores  of  the  intact  animal  and 
the  character  of  the  response  following  autotomy  are  determined  by  the  relative  con- 
centrations in  the  blood  of  a  melanin-dispersing  hormone  and  a  melanin-concen- 
trating hormone. 
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Fresh  water  biological  studies  in  Alaska  have  until  quite  recently  been  conducted 
mainly  by  scientists  visiting  the  Territory  during  the  few  summer  months.  Conse- 
quently very  little  has  been  known  about  the  conditions  under  which  the  fresh  water 
fauna  exist  throughout  the  seasons.  Prolonged  winter  cold,  brief  summer  warmth 
and  the  restrictions  of  the  habitat  caused  by  the  dehydrating  effect  of  extensive 
winter  freezing  are  environmental  factors  not  encountered  by  aquatic  life  in  tem- 
perate regions.  These  conditions,  however,  bring  out  a  number  of  problems  of 
considerable  basic  scientific  interest. 

It  has  therefore  been  the  plan  of  this  study  to  examine  the  metabolic  rate  of  the 
amphipod  crustacean  Gammarus  limnaeus  (Smith)  for  evidence  of  adaptive  ad- 
justments to  the  extreme  seasonal  changes  typical  of  Alaska  for  comparison  with 
the  adaptations  to  temperature  shown  by  aquatic  animals  from  other  regions. 
Gammarus  limnaeus  (Smith)  was  selected  as  a  suitable  subject  for  this  study  be- 
cause of  its  wide  distribution  in  Alaska,  its  importance  as  a  fish  food,  and  its  con- 
sequent significance  as  a  link  in  the  chain  of  reproduction  in  fresh  water.  Its  close 
taxonomic  relation  to  other  amphipods  abundant  in  much  of  the  northern  world 
facilitates  comparison. 

Gammarus  limnaeus  (Smith)  belongs  to  the  genus  Gammarus  (Fabricius)  and 
the  amphipod  family  Gammaridae.  The  genus  is  very  widely  distributed  in  both 
salt  and  fresh  water.  Over  30  species  are  known,  and  of  those  6  are  found  in 
North  America,  Gammarus  limnaeus  together  with  Gammarus  fasciatus  being  the 
most  common  and  widely  distributed  of  the  northern  species ;  both  occur  in  Alaskan 
lakes  and  ponds.  Gammarus  limnaeus  is  found  throughout  the  United  States  from 
Maine  to  New  Mexico  (Weckel,  1907).  Related  species  are  common  in  fresh 
water  throughout  Siberia  and  Northern  Europe. 

PREVIOUS  INVESTIGATIONS 

The  underlying  proposition  for  this  study  was  first  expressed  by  Krogh  (1916, 
p.  101)  :  "One  would  expect  that  animals  living  at  a  very  low  temperature  should 
show  a  relatively  high  standard  metabolism  at  that  temperature  compared  with 
others  living  normally  at  a  high  temperature."  The  abundance  and  activity  of  life 
in  cold  northern  waters  in  which  poikilotherms  from  warmer  waters  would  be  in- 
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jurecl  or  slowed  to  ineffectiveness  by  cold  is  in  good  agreement  with  this  basic 
statement. 

Considerable  information  is  available  on  the  reaction  of  poikilotherms  to  changes 
in  temperature  and  oxygen  tension  during  experiments  in  the  laboratory.  Less 
attention,  however,  has  been  given  to  the  matter  of  determining  1 )  whether  certain 
physiological  adjustments  of  transitory  or  more  permanent  nature  take  place  in 
cold  blooded  animals  when  in  their  natural  surroundings,  and  2)  to  what  extent 
these  adjustments  might  help  the  animal  overcome  changes  in  the  environment  that 
otherwise  could  have  an  adverse  effect  upon  its  success  in  living  in  the  habitat. 

Although  only  a  few  investigations  seem  to  have  been  specifically  directed  to- 
ward the  detection  of  seasonal  or  local  variation  in  the  metabolism  of  aquatic  poi- 
kilotherms, it  is  not  uncommon  to  find  references  to  such  differences  in  the  temper- 
ature-metabolism relation  of  cold  blooded  animals.  Cronheim  (1911)  considered 
that  analysis  of  Knauthe's  (1898)  experiments  with  carp  showed  seasonal  variation 
in  metabolic  rate.  Wells  (1935)  found  that  the  Pacific  killifish  (F  undid  us  parvi- 
pinnis)  showed  variations  in  its  metabolic  rate  during  the  year  and  connected  the 
fluctuations  with  the  yearly  changes  in  temperature  of  the  waters  in  which  they 
lived.  Bruce  (1926)  carried  out  a  year's  study  on  Mytilus  cdnlis,  and  found  a 
seasonal  variation  in  the  oxygen  requirement  of  this  species  which  he  associated 
with  the  reproductive  cycle.  Haugaard  and  Irving  (1943)  found  such  small  sea- 
sonal variations  in  the  oxygen  consumption  of  the  cunner  (Tautogolabrus  adspcrsits 
Walbaum)  that  the  slightly  higher  oxygen  consumption  in  winter  than  in  summer 
at  each  temperature  below  15°  C.  appeared  too  small  to  be  regarded  significant  as 
an  adaptation.  In  the  sand  crab  (Emerita  talpoidca  Say),  Edwards  and  Irving 
(1943)  found  a  change  in  the  relation  of  oxygen  consumption  up  to  four  times 
higher  in  winter  at  30°  C.  than  in  summer.  The  higher  oxygen  consumption  rates 
in  winter  they  interpreted  as  an  adjustment  by  means  of  which  the  animals  sus- 
tained activity  and  growth  at  the  low  winter  temperatures. 

Variation  in  the  metabolism  and  such  related  functions  as  heart  beat  and  pleopod 
movements  in  animals  apparently  identical  systematically  but  taken  from  different 
latitudes  has  been  reported  by  several  authors,  rh.  Fox  (1(>3(>,  1938,  1939),  Fox 
and  Wingfield  (1937),  Wingfield  (1939),  Sparck  (1936)  and  Thorson  (1936). 
The  general  assumption  has  been  that  the  different  temperatures  of  the  two  en- 
vironments are  responsible  for  the  differences  observed  between  the  two  groups  in 
physiological  response  to  changes  in  temperature  during  the  experiment. 

Marshall,  Xicholls  and  Orr  (  1935)  found  seasonal  differences  in  heat  tolerances 
of  Calanns  frninarcliicus  with  elevation  of  the  lethal  temperatures  from  24°  C. 
winter  to  26°  C.  summer. 

llorstudius  (1915)  noted  the  point  of  normal  development  for  Paruccntrotus 
lii'idits  eggs  and  found  it  to  vary  with  the  season.  Runnstrom  (1936)  noted  similar 
adjustment  of  both  the  upper  and  the  lower  limits  for  the  development  of  the  tuni- 
cates  (  iona  intcstinalis,  Phallus'ni  mammillata  and  Ascidia  nienhtla,  and  the  sea 
urchins,  I  \iraccntrotus  livid  us  and  Arbacia  aequitubcrculata.  Fry  (1947)  in  his 
paper  on  the  effects  of  the  environment  on  animal  activity  gives  an  extensive  review 
of  the  existing  literature  in  this  field,  in  which  he  points  out  the  importance  of  con- 
sidering  the  environmental  factors  in  physiological  research  and  discusses  the  prob- 
lems  of  .-Kvlimati/ntions. 
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Scholander,  Flagg,  Walters  and  Irving  (  l')53  )  reviewed  the  literature  of  adapta- 
tion to  cold  and  from  their  own  observations  compared  the  metabolism  of  arctic  and 
tropical  animals,  including  in  their  list  terrestrial  as  well  as  aquatic  poikilothermic 
forms.  A  general  summary  of  their  findings  was  that  arctic  aquatic  forms  in  their 
accustomed  temperature  near  0°  C.  maintained  a  metabolic  rate  %  to  ^jo  as  great 
as  the  tropical  forms  in  their  usual  temperature  of  30°  C.  If,  however,  the  meta- 
bolic curve  of  the  tropical  forms  is  extrapolated  down  to  0°  C.  it  represented  only 
Yso  to  %o  of  their  metabolism  in  their  tropical  environment.  Arctic  forms  showed 
a  considerable,  although  not  complete,  adjustment  of  metabolism  to  their  environ- 
ment. In  terrestrial  forms,  on  the  other  hand,  practically  no  such  adjustment  ap- 
peared (Scholander  et  al.,  1953). 

The  previous  findings  and  reports  thus  all  indicate  the  ability  of  aquatic  poi- 
kilotherms  to  adjust  themselves  to  their  surroundings  and  also  show  the  necessity 
for  taking  into  consideration  the  original  environment  of  the  test  animals  in  physio- 
logical experiments.  From  these  former  findings  it  could  be  expected  that  the  am- 
phipods  from  an  Alaskan  lake  would  show  a  higher  oxygen  consumption  at  a  given 
low  temperature  in  winter  than  in  summer,  with  a  higher  metabolism  that  could 
facilitate  a  higher  rate  of  growth  in  the  winter  months  than  would  be  expected 
from  their  temperature-metabolism  relation  in  summer.  In  order  to  regard  physio- 
logical processes  as  adaptive  it  is  of  prime  importance  to  refer  them  to  the  condi- 
tions of  the  animal's  natural  environment  and  their  behavior  during  the  cycle  of  the 
seasons. 

MATERIAL 

The  animals  used  in  the  experiments  were  all  taken  from  Goose  Lake,  an 
eutrophic-type  lake  about  two  miles  south  of  Anchorage,  Alaska,  averaging  about 
eight  feet  in  depth  and  covering  about  30-40  decares.  The  margins  of  the  lake  are 
swampy,  and  there  is  no  definite  inlet  or  outlet.  The  banks  contain  deposits  of 
peat  over  gravel  and  the  bottom  of  the  lake  consists  of  a  U/o-foot  deep  layer  of  mud 
and  decomposing  material,  a  so-called  false  bottom  underlain  by  a  base  of  glacial 
gravel.  In  summer  the  lake  has  a  rich  vegetation  of  water  lilies,  Xymphaca,  and 
other  water  plants,  with  water  temperatures  rising  to  more  than  20°  C.  In  winter 
the  lake  freezes  to  a  depth  of  about  3-3VL>  feet  or  more.  It  is  doubtful,  however, 
that  it  ever  freezes  to  the  bottom.  Ice  is  on  the  lake  from  the  middle  part  of 
October  to  the  first  part  of  May. 

The  animal  life  of  the  lake  is  surprisingly  rich,  with  many  insect  larvae  and  a 
number  of  crustaceans  including  many  cladocera  and  smaller  numbers  of  amphipods 
and  copepods.  Snails,  leeches,  flatworms,  and  mites  are  also  common.  In  winter 
the  amphipods  seem  more  abundant  and  a  smaller  number  of  cladocera  and  cope- 
pods  are  present.  Whirligig  beetles  (Gyrinidae),  boatmen  (Corixidae),  and  water 
beetles  (Dysticidae)  are  found  as  adults,  and  snails,  flatworms,  leeches,  and  the 
larvae  of  dragonflies  (Aeshnidae),  and  damselflies  (Agrionidae),  are  commonly 
found  on  the  bottom. 

Only  one  species  of  amphipod  was  found,  Gaiiunonts  liiunaeits  (Smith),  de- 
scribed by  S.  I.  Smith  (1874).  The  animals  were  present  in  the  lake  in  fairly  large 
numbers  throughout  the  year.  The  main  breeding  season  of  G.  linmaeus  seems  to 
be  shortly  after  breakup  of  the  ice  in  the  spring.  At  that  time  they  are  abundant 
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along  the  shores,  where  many  are  found  copulating  in  the  shallow  water.  Some 
ice  may  still  remain  in  the  middle  of  the  lake.  The  number  of  G.  limnacus  seems 
to  fluctuate  through  the  summer,  varying  according  to  location. 

The  G.  limnacus  used  for  study  were  caught  with  a  dip  net  from  the  shore  or 
from  a  rubber  raft  in  summer,  and  in  the  winter  through  a  three-foot  square  hole 
in  the  ice  which  was  allowed  to  freeze  over  to  keep  the  water  from  contact  with  air. 
In  the  laboratory  the  amphipods  were  kept  in  large  thermos  jars  at  as  near  the  lake 
temperature  as  possible.  Animals  were  usually  caught  in  the  morning  and  ob- 
servations were  started  immediately,  thereby  avoiding  prolonged  exposure  to  in- 
door conditions  and  significant  changes  in  temperature.  The  animals  used  were  of 
various  sizes  and  of  both  sexes  as  no  significant  sex  differences  in  oxygen  con- 
sumption were  observed.  Animals  infested  with  parasites,  such  as  acanthocephalid 
larvae  and  what  was  probably  a  larval  tapeworm,  were  eliminated.  All  animals 
carrying  eggs  or  showing  low  vitality  were  discarded. 

EXPERIMENTAL  PROCEDURE 

1.  O2  consumption.     Oxygen  consumption  was  measured  by  means  of  Schol- 
ander's  micro-  and  semi-micro  respirometers   (Scholander,  1950).     The  tempera- 
tures in  the  water  baths  were  kept  constant  within  plus  or  minus  1°  C.     During 
most  of  the  experiments  simultaneous  runs  at  four  different  temperatures,  ranging 
from  0°  C.  to  22°  C.,  were  performed  so  as  to  utilize  animals  with  as  similar  physio- 
logical background  as  possible.     Fifteen   individuals   in   separate   chambers   were 
used    at    each    temperature    and    necessary    handling    was    done    by    means    of   a 
pipette  so  as  to  avoid  damaging  the  fragile  legs  or  respiratory  organs.     Filtered  lake 
water  was  used  in  the  respiratory  flasks.     Blanks  with  lake  water  were  run  parallel 
to  the  experiments  in  the  same  water  bath.     Measurements  were  timed  from  several 
hours  up  to  24  to  secure  representative  data  for  the  oxygen  consumption.     Day  and 
night  measurements  and  those  conducted  inside  a  dark,  walk-in  ice  box  revealed  no 
significant  diurnal  cycles  or  influence  of  light.     Data  obtained  on  animals  that  died 
during  one  observation  and  on  those  showing  low  vitality  were  discarded. 

2.  Adequacy  of  oxygen  supply.     Consideration  was  given  to  the  possible  in- 
fluence of  changing  oxygen  tension  upon  the  metabolic  rate  of  invertebrates,  as 
reported  by  Amberson,  Mayerson  and  Scott  (1924).     Analysis  of  the  water  from 
the  vials  after  the  termination  of  the  measurements  revealed  that  the  animals  them- 
selves, by  their  respiratory  movements  and  activity,  stirred  the  water  sufficiently  to 
keep  the  oxygen  content  of  the  shallow  water  in  the  vials  at  more  than  %  satura- 
tion.    Analysis  of  !/•»  cm.3  of  the  water  from  the  respiration  vessels  was  made  by 
means  of  the  Winkler  method  modified  according  to  van  Dam   (1935),  and  con- 
ducted  inside   a    syringe.     Titration    was   carried   out    with    Scholander's    micro- 
burette  (Scholander,  Edwards  and  Irving,  1943),  using  a  magnetic  stirring  device 
operating  as  described  by  Linderstrom-Lang  and  Holier  (1940). 

3.  Weight  and  composition  of  specimens.     After  the   runs  the  animals  were 
blotted  with  a  filter  paper  and  dried  to  constant  weight  without  heat  in  a  desiccator 
with  calcium  chloride,  to  determine  the  water  content  and  the  dry  weight  of  the  ani- 
mals.    A  determination  of  the  hydrolyzable  material  of  the  animals  was  carried  out 
to  facilitate  comparison  with  similar  figures  cited  in  the  literature.     For  this  pur- 
pose a  group  of  fifty  animals  was  dried  with  filter  paper,  weighed,  and  dried  in  a 
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desiccator  in  the  same  way  as  for  determination  of  dry  weight.  After  weighing, 
the  animals  were  boiled  in  lO'/o  KOH  for  one  hour  and  the  residual  matter  filtered, 
dried  and  weighed.  Residue,  principally  chitinous  and  similar  materials  undis- 
solved  in  KOH,  might  be  considered  inert  in  ordinary  respiration.  The  weight  of 

TABLE  I 

Content  of  water  and  hydrolyzable  material  of  Garnmarus  limnaeus  (Smith) 


Date 

Wet  wt.  of 
50  animals 
grams 

Dry  wt.  of 
50  animals 
grams 

Water 

% 

Hydrolyzable 
material  of 
50  animals 
grams 

Hydrolyzable 
material  of 
50  animals 
% 

1-9-51 

1.020 

0.240 

79.6 

1-15 

1.010 

0.215 

78.8 

1-23 

1.020 

0.225 

77.9 

3-12 

0.860 

0.165 

80.8 

0.816 

14.0 

3-26 

0.782 

0.143 

81.8 

3-28 

0.850 

0.160 

81.2 

4-2 

0.922 

0.167 

81.8 

4-4: 

0.927 

0.165 

82.2 

4-9 

1.076 

0.184 

82.9 

1.016 

11.5 

4-12 

0.994 

0.174 

82.5 

0.938 

11.8 

4-16 

0.975 

0.165 

83.1 

5-7 

0.948 

9.194 

79.5 

5-10 

0.972 

0.194 

80.1 

5-16 

1.067 

0.199 

81.3 

5-24 

1.057 

0.214 

79.8 

6-7 

1.126 

0.233 

79.3 

6-11 

1.035 

0.195 

80.1 

6-21 

1.465 

0.265 

81.9 

7-10 

1.025 

0.207 

80.3 

9-20 

1.110 

0.220 

80.2 

9-26 

1.060 

0.215 

79.7 

10-8 

1.237 

0.240 

80.8 

10-22 

1.635 

0.320 

78.6 

11-21 

1.412 

0.315 

79.1 

12-6 

1.390 

0.257 

81.5 

12-13 

1.750 

0.352 

79.8 

12-20 

1.557 

0.332 

78.5 

1-9-52 

2.020 

0.410 

79.7 

1-17 

1.377 

0.281 

79.5 

2-5 

1.698 

0.349 

79.4 

4-8 

1.812 

0.287 

84.3 

Average 

80.5 

0.923 

12.4 
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the  hydrolyzable  material  was  calculated  in  per  cent  of  wet  and  dry  weight  (see 
Table  I).  There  was  no  suggestion  that  this  residue  changed  sufficiently  to  alter 
results.  The  reference  of  oxygen  consumption  to  wet  weight,  dry  weight  or  hydro- 
ly/.able  material  should  therefore  give  about  the  same  relationship.  The  oxygen 
consumption  was  most  conveniently  given  per  unit  wet  weight  and  was  chosen  as  a 
basis  for  the  figures  used  in  the  accompanying  tables  and  graphs. 

7.  "Lethal"  temperature.  Determinations  of  the  "upper  lethal"  temperature  at 
the  end  of  the  winter  and  in  the  summer  were  made.  The  highest  tolerable 
temperatures  were  determined  by  suspending  small  glass  vials  containing  lake 
water  and  5  animals  each  in  thermos  bottles  filled  with  water  with  a  temperature 
difference  of  2°  C.  from  24°  C.  to  36°  C.  The  vials  were  checked  every  15  minutes 
and  the  dead  animals  were  picked  out.  Paralyzed  animals  showing  no  signs  of 
life  were  counted  together  with  the  dead  ones  even  though  a  few  recovered  when 
placed  in  cold  water.  Any  attempt  to  distinguish  between  paralyzed  and  dead 
animals  would  be  very  difficult  and  possibly  irrelevant.  One  hundred  per  cent 
survival  after  one  hour  exposure  to  a  given  temperature  was  used  as  a  standard 
for  determining  the  animal's  level  of  heat  tolerance. 

5.  Heart  rate.  The  heart  beat  was  counted  by  means  of  transmitted  light  that 
had  passed  through  a  %-inch  thick  layer  of  flowing  water  in  a  specially  constructed 
water-cooled  microscope  stand  (Krog  and  Simmet,  1954)  which  permitted  tem- 
perature control  to  within  plus  or  minus  0.1°  C.  The  animals  were  surrounded  by 
lake  water  during  the  test.  The  temperature  of  the  water  immediately  surrounding 
the  animals  was  measured  by  means  of  a  fine  thermocouple.  Four  to  five  !/o- 
minute  counts  were  taken  at  each  temperature  and  the  average  rate  of  heart  beat 
calculated. 

RESULTS  OF  OBSERVATIONS  AND  EXPERIMENTS 

Temperature  and  o.rygen  supply  in  the  lake.  The  curves  in  Figure  1  show  the 
yearly  variation  in  temperature  and  oxygen  content  of  the  water  in  Goose  Lake,  to- 
gether with  the  saturation  curve  for  oxygen  dissolved  in  the  water  at  the  recorded 
temperatures.  The  oxygen  content  in  the  lake  reached  its  lowest  values  in  Feb- 
ruary and  March  when  it  dropped  below  amounts  detectable  with  the  Winkler 
method  used  for  this  determination  (Standard  Methods  for  Examination  of  Water 
and  Sewage,  page  724).  The  summer  months  give  quite  steady  values  for  dis- 
solved oxygen.  As  seen  from  the  curve,  the  increase  of  oxygen  in  the  lake  starts 
before  the  breakup  of  the  ice.  This  is  probably  due  to  accumulation  of  water  from 
melting  snow  on  the  top  of  the  ice,  which  is  later  drained  into  the  lake  through  en- 
larged cracks.  This  incident  is  followed  by  a  lifting  of  the  ice  caused  by  the 
vi-ing  water  level  and  subsequently  by  appearance  of  open  water  along  the  shores. 
From  this  time  on,  direct  contact  between  the  lake  water  and  the  air  is  established, 
and  the  O2  content  increases  gradually. 

'I  he  water  in  the  lake,  however,  never  reached  saturation  at  any  temperature. 
Alter  the  oxygen  content  reached  a  value  of  around  8-9  ppm.,  it  leveled  off  and  re- 
mained at  that  level  throughout  the  summer.  The  first  decrease  of  oxygen  in  the 
lake  followed,  after  some  delay,  the  freeze-up  in  the  fall  and  it  continued  to  decrease 
at  a  lairly  even  rate  in  the  following  months  until  it  reached  its  minimum  in  Febru- 
ary, Alarch,  and  April.  Reduction  of  the  oxygen  supply  in  winter  is  probably 
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common  in  the  shallow  lakes  of  Alaska  and  might  explain  why  no  fish  have  been 
found  in  so  many  of  the  smaller,  shallow,  non-circulated  lakes  although  fish  food 
appears  to  be  abundant. 

The  temperature  of  the  water  in  the  lake  also  varied  considerably  with  the  sea- 
son, rising  in  summer  above  20°  C.  (see  Fig.  1).  The  temperature  increased 
rather  sharply  in  the  spring  because  of  the  shallowness  of  the  water  and  the  lack  of 
any  significant  out-  and  in-flow.  The  pH  was  not  observed  to  change  consistently 
with  the  season  and  stayed  between  7.0  and  8.0. 

Variation  of  the  amphipods'  oxygen  consumption  with  size  was  found  to  occur 
in  the  course  of  the  year  as  is  shown  when  the  oxygen  consumption  at  10°  C.  is 
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FIGURE  1.  Recorded  temperature  in  Goose  Lake  1951  through  April  1953,  together  with 
calculated  saturation  values  for  dissolved  oxygen  at  those  temperatures,  and  actual  recorded 
dissolved  oxygen  during  the  same  period,  measured  in  parts  per  million  by  weight. 

plotted  against  weight  (see  Fig.  2).  Curves  plotted  at  other  temperatures  show 
similar  although  not  so  pronounced  variation.  A  further  breakdown  of  the  data 
in  weight  groups  was  not  found  desirable  as  it  would  complicate  the  final  compar- 
ison between  summer  and  winter  animals  and  only  slightly  improve  the  spread  of 
the  values. 

To  simplify  comparison,  the  year  was  divided  into  two  seasons — June  and  July 
—(see  Fig.  3)  representing  the  typical  summer  period  with  fairly  high  tempera- 
tures and  rather  constant  oxygen  content  of  the  water,  and  the  late  winter — Feb- 
ruary through  March — which  is  the  period  of  lowest  oxygen  content,  disregarding 
the  transition  between  these  two  periods.  During  the  winter  period  a  significant 
lowering  of  the  oxygen  utilization  of  the  animals  was  found  to  occur  when  the 
oxygen  content  in  the  lake  water  was  lowest,  suggesting  a  difference  between  the 
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seasonal  adjustment  in  these  animals  and  the  Crustacea  previously  investigated. 
These  have,  however,  been  mainly  marine  forms  or  those  from  well  circulated 
waters  with  fairly  high  and  stable  oxygen  tensions  and  with  the  temperature  as  the 
most  important  variable. 

Figure  4  shows  the  upper  temperature  tolerance  as  determined  for  the  animals 
in  winter  as  well  as  in  summer.  The  highest  temperature  which  the  animal  can 
tolerate  as  determined  by  100%  survival  for  one  hour,  seems  to  be  about  26°  C.  for 
the  winter  animals,  and  for  the  summer  animals  from  30°-32°  C.  This  shows  a 
lowering  of  the  resistance  to  heat  by  4°-6°  C.  in  the  cold  season  as  compared  to  the 
summer,  which  is  about  what  would  be  expected  from  previous  investigations  of 
temperature  adjustments  in  invertebrates. 
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FIGURE  2.     Relation  between  body  weight  and  oxygen  consumption  at  +  10°  C. 

The  pulsation  rate  of  the  "heart,"  or  more  correctly  the  dorsal  vessel  of  the 
animal,  was  recorded  at  the  end  of  winter  (March)  and  at  the  end  of  summer  (the 
last  part  of  August)  in  order  to  determine  the  extent  of  seasonal  variation.  Figure 
5  shows  the  rate  of  pulsation  plotted  against  temperature.  A  slight  elevation  in  the 
relation  of  heart  rate  to  temperature  seemed  to  occur  in  winter  with  generally  lower 
heart  rates  at  all  temperatures  for  the  summer  animals.  Above  19°  C.  the  winter 
animals  were  observed  to  show  irregularity  in  their  "heart"  beat  with  an  eventual 
decrease  in  rate.  The  larger  spread  in  the  data  for  the  winter  animals  at  the  higher 
temperature  as  compared  with  the  summer  animals  is  believed  to  be  mainly  caused 
by  this  reaction  (see  Fig.  5).  The  summer  animals  on  the  other  hand  showed  a 
normal  increase  of  the  "heart"  beat  above  14°  C.  up  to  around  23°  C.  after  which 
irregularity  and  consequent  gradual  drop  in  heart  rate  occurred  as  in  the  winter 
animals. 
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FIGURE  3.  The  relation  between  oxygen  consumption  and  temperature  in  the  periods  Feb- 
ruary through  March  and  June  through  July,  plotted  on  a  semilog  scale.  The  animals  from  the 
two  different  seasons  are  marked  with  separate  symbols. 
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DISCUSSION 

On  the  basis  of  previous  studies  of  the  adaptation  of  the  metabolism  of  aquatic 
invertebratrs  to  temperature,  it  was  anticipated  that  animals  from  an  Alaskan  lake, 
with  the  relatively  long  exposure  to  low  water  temperatures,  would  show  a  meta- 
bolic adjustment  so  as  to  consume  more  oxygen  at  a  certain  low  temperature  in  the 
winter  than  at  the  same  temperature  in  the  summer.  No  such  adjustment  has  been 
observed  in  the  present  study.  On  the  contrary,  a  decrease  in  oxygen  consumption 
in  February  and  March  can  be  noticed  (see  Fig.  3).  Although  the  variation  is  not 
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KH.URE  4.  Diagram  shows  upper  lethal  level  of  the  amphipods  respectively  in  the  winter 
and  in  the  summer.  Full  length  columns  at  extreme  left  represent  five  animals  each.  Filled 
columns  are  summer  animals,  cross  lined  are  winter  animals. 

large  the  constancy  and  trend  of  the  changes  indicate  their  significance.  It  will 
therefore  seem  natural  to  connect  the  low  oxygen  consumption  of  the  amphipods  in 
late  winter  with  the  low  oxygen  content  of  the  water  at  that  time.  Pursuing  the 
same  reasoning,  the  absence  of  the  expected  adaptation  in  metabolic  rate  to  low 
winter  temperatures,  as  found  by  investigators  in  other  situations,  could  be  caused 
by  the  fact  that  there  is  not  enough  oxygen  for  such  an  adaptation  to  be  useful. 

Assuming  that  adjustments  made  by  animals  in  the  face  of  unfavorable  environ- 
mental factors  are  directed  toward  the  factors  that  are  most  critical,  the  differences 
between  previous  findings  and  the  situation  reported  at  (-loose  Lake  can  be  more 
easily  understood.  The  low  oxygen  consumption  of  the  animals  from  Goose  Lake 
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in  the  late  winter  might  thus  be  described  as  a  result  of  a  compensatory  adjustment 
in  metabolic  economy  toward  the  most  critical  environmental  factor  at  that  time. 
Such  an  adjustment,  although  not  large,  might  be  of  vital  importance  to  the  animals, 
living  as  they  do  through  long  periods  with  oxygen  supplies  which  must  be  ap- 
proaching the  lowest  limit  that  they  can  tolerate  and  still  carry  on  an  aerobic 
metabolism. 

Experimentally  induced  adjustment  to  low  oxygen  content  by  exposure  to  en- 
vironment with  low  oxygen  has  previously  been  reported  in  the  literature.  Lund 
(1921)  reported  that  repeated  exposure  of  Planaria  to  low  oxygen  tensions  caused 
less  increase  in  oxygen  uptake  after  each  experiment.  Hiestand  and  Singer 
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FIGURE  5.     Heart  rate  in  beat  per  minute  plotted  against  time.     Open  circles  represent  summer 

animals  and  solid  dots,  winter  animals. 

(1934)  also  found  that  leeches  responded  by  "acclimatization"  after  repeated  ex- 
posure to  water  with  low  oxygen  content,  and  that  they  gradually  went  back  to 
their  former  state  after  the  experiments  were  terminated.  The  question  whether 
these  experimentally  induced  changes  in  oxygen  uptake  are  comparable  with  the 
natural  reduction  occurring  in  amphipods  cannot  be  answered  but  the  similarity  is 
striking.  On  the  other  hand  the  benefit  of  such  an  adjustment  for  the  amphipods 
seems  quite  clear  and  the  remarkable  ability  of  the  animals  to  get  along  with  the  low 
amount  of  oxygen  available  in  the  late  winter  can  be  more  easily  understood.  Ad- 
justment to  a  high  oxygen  consumption  in  the  winter,  such  as  that  reported  in  litera- 
ture dealing  with  other  poikilotherms,  would  in  the  case  of  the  Alaskan  amphipods 
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be  unfavorable  as  it  is  of  more  moment  for  them  to  survive  the  winter  than  to  main- 
tain a  high  metabolism  when  the  oxygen  supply  is  critically  scant. 

The  Q10  as  calculated  from  Figure  3  shows  values  around  2,  the  Q,0  in  the 
winter  being  slightly  lower  in  value  than  in  the  summer  (see  Table  II).  Scholan- 
der  ct  al.  (1953)  have  given  a  complete  discussion  of  the  problem  of  Q10  as  an  in- 
dication of  an  animal's  state  of  adaptation  to  the  environment.  They  concluded  that 
physiological  adaptation  of  poikilotherms  to  cold  has  its  manifestation  in  the  lateral 
displacement  of  the  metabolism  temperature  curve  but  not  in  the  change  of  its 
slope  as  expressed  as  change  in  Q10.  In  the  amphipods  the  summer  and  winter 
values  for  O10  did  not  differ  appreciably. 

The  changes  in  the  upper  lethal  temperature  levels  follow  fairly  closely  those 
expected  on  the  basis  of  previous  reports  upon  temperature  tolerances  of  poikilo- 
therms, adding  no  new  information  regarding  this  type  of  adjustment. 

The  changes  in  heart  beat,  although  quite  small,  show  on  the  other  hand  some 
rather  interesting  trends.  The  differences  between  the  summer  and  winter  rates 
above  19°  C.  indicate  that  the  summer  animal  can  increase  its  heart  rate  beyond  the 
point  at  which  the  winter  animal's  heart  ceases  to  function  normally.  The  over-all 
lower  heart  rate  of  the  summer  animal  below  20°  C.  is  not  easily  understood.  Fox 
(1939)  found  that  the  marine  polychaete  worm  Perincreis  cnltiijera  from  English 

TABLE  II 

Qio  of  0'2  consumption  in  Gammarus  limnaeus  (Smith) 

Time  Temperature  °C. 


0-10  5-15  10-20 


Slimmer 
Winter 

2.1 

2.4 
2.1 

2.0 
1.8 

waters  had  the  same  rate  of  heart  beat  at  14°  C.  as  the  same  animal  from  the  Med- 
iterranean had  at  20°  C.  He  also  found  that  crustaceans  from  colder  waters 
around  the  British  Isles  had,  on  the  average,  a  higher  rate  of  heart  beat  at  a  given 
temperature  than  those  from  warmer  waters  of  the  Mediterranean  despite  the  fact 
that  arctic  animals  are  usually  bigger  than  individuals  of  the  same  species  from 
warmer  waters,  and  an  opposite  relationship  between  size  and  heart  rate  seems  to 
exist  commonly  among  invertebrates.  The  present  observation  of  changes  in  heart 
rate  according  to  season  within  the  same  animal  population  could  be  compared  to 
the  findings  reported  by  Fox  (1936)  on  marine  invertebrates  taken  from  waters  at 
different  latitude  and  temperature,  except  that  the  changes  observed  in  the  Alaskan 
amphipods  might  be  explained  as  being  brought  about  through  adjustments  to  the 
yearly  variation  in  the  environment.  The  particular  component  or  components  of 
the  environment  which  induce  this  reaction,  however,  cannot  be  fully  determined. 
A  direct  parallel  to  the  cases  reported  upon  by  Fox,  with  an  apparent  relationship 
between  the  physiological  responses  to  laboratory-imposed  temperature  changes 
and  the  temperature  of  the  animal's  original  environment,  would  only  be  possible 
if  the  oxygen  content  of  the  water  were  plentiful.  Under  the  reported  conditions 
there  is  also  the  probability  that  the  heart  rate  would  increase  in  the  winter  so  as 
to  compensate  for  the  lower  oxygen  content  of  the  water  at  that  time  of  year. 
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This  and  related  studies  suggest  that  considerable  physiological  flexibility  seems 
to  be  present  in  individual  aquatic  poikilotherms,  making  it  possible  for  them  to 
make  adjustment  to  comparatively  large  variations  in  their  environments.  The  dif- 
ferences between  the  winter  and  summer  temperature  in  Alaska  equal  the  differ- 
ence in  the  sea  around  Britain  and  in  the  Mediterranan.  One  population  of  am- 
phipods  encounters  the  Alaskan  seasons  by  adaptive  physiological  changes  occurring 
during  the  life  of  individuals.  Two  isolated  sections  of  a  population  might  continue 
to  live  safely  within  the  extremes  of  their  physiological  adaptability  without  offer- 
ing a  visible  hold  for  natural  selection  to  differentiate  their  physiological  processes. 

It  is  a  great  pleasure  for  me  to  acknowledge  the  guidance,  interest,  and  kind 
criticism  by  Dr.  Laurence  Irving  during  the  course  of  this  study.  I  would  also  like 
to  thank  Miss  Mildred  Wagner  for  the  excellent  help  in  doing  determinations  of 
dissolved  (X,  and  the  drawings ;  my  wife,  Hildur  Krog,  for  assistance  in  the  calcu- 
lation of  the  data ;  Dr.  P.  F.  Scholander  for  kindly  reviewing  the  manuscript  and 
for  valuable  suggestions  concerning  the  presentation  of  the  results,  and  Dr.  Leslie 
Hubricht  for  identifying  the  amphipods. 

SUMMARY 

1.  A  year's  cycle  of  the  oxygen  consumption  of  the  amphipod,  Gainmarus  lim- 
nacus  (Smith),  has  been  recorded.     The  metabolism  has  been  related  to  the  en- 
vironmental factors  encountered  in  a  shallow  Alaskan  lake,  which  is  ice-covered 
during  seven  winter  months. 

2.  A  seasonal  change  in  the  metabolic  rates  of  the  animals  accompanied  changes 
in  the  available  oxygen.     These  resulted  in  decreased  oxygen  consumption  during 
the  winter  when  the  oxygen  supply  in  the  lake  was  low. 

3.  The  lethal  temperature  of  the  amphipods  changed  from  26°  C.  in  winter  to 
30°-32  C.  in  summer. 

4.  The  rate  of  the  heartbeat  of  the  animals  varied  slightly  with  the  season,  with 
a  higher  average  rate  at  temperatures  below  20°  C.  in  winter  than  in  summer. 
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SEROLOGICAL  COMPARISONS  AMONG  FOUR  CLASSES 

OF  MOLLUSCA  1 

CHARLES  A.  LEONE  AND  CARLON  W.  PRYOR  2 

Department  of  Zoology,  University  of  Kansas,  Laivrcnce  Kansas 

Serological  comparisons  of  the  proteins  of  organisms  are  a  means  of  studying 
the  results  of  biochemical  evolution.  With  the  precipitin  test  the  chemical  similar- 
ities of  the  proteins  of  animals  can  be  measured  quantitatively  and  the  degrees  of 
relationship  thereby  estimated.  The  purpose  of  this  paper  is  to  report  on  some 
serological  comparisons  of  the  proteins  from  the  four  Classes  Amphineura,  Gastro- 
poda, Pelecypoda,  and  Cephalopoda  in  the  Phylum  Mollusca. 

MATERIALS  AND  METHODS 
Antigens 

Table  I  lists  the  species  of  Mollusca  from  which  antigens  were  obtained.  Sera 
from  Octopus  vulgaris  and  Sepia  officinalis  were  collected  at  the  Stazione  Zoologica 
di  Napoli,  Naples,  Italy  in  the  summer  of  1948.  Serum  from  Busycon  caricum 
was  obtained  at  the  laboratory  of  the  United  States  Fish  and  Wildlife  Service, 
Beaufort,  North  Carolina,  in  the  summer  of  1951.  The  other  antigens  were  col- 
lected at  the  Friday  Harbor  Marine  Laboratory,  University  of  Washington,  Friday 
Harbor,  Washington,  in  the  summer  of  1952.  'Merthiolate'  in  a  final  concentration 
of  0.01  per  cent  (1  :  10,000)  was  added  as  a  preservative  at  the  time  of  collection. 

Antisera 

The  antisera  used  in  this  study  were  produced  in  healthy,  adult  rabbits.  Table  I 
shows  the  schedule  of  injections  followed  for  the  production  of  these  antisera.  Mul- 
tiple series  of  injections  were  given  to  all  rabbits  except  the  one  which  produced  the 
antiserum  against  the  proteins  of  Tonicella  lincata.  This  rabbit  received  a  single 
series  of  injections ;  seven  injections  were  given  on  alternate  days — 1.0,  1.5,  2.0,  2.0, 
5.0,  5.0,  and  5.0  ml.  The  fifth  and  sixth  were  intraperitoneal  and  the  others  were 
intravenous.  Each  rabbit  was  given  a  trial  bleeding  from  the  median  artery  of  the 
ear  eight  days  after  the  last  injection  of  a  series.  At  the  end  of  the  injection  sched- 
ule those  rabbits  with  good  levels  of  antibody  were  completely  exsanguinated  by 
intracardial  puncture  after  a  fast  of  18  hours  to  obtain  sera  free  from  dissolved 
lipids.  Whole  blood,  obtained  either  by  bleeding  from  the  median  artery  of  the  ear, 
or  by  intracardial  puncture,  was  placed  in  lusteroid  centrifuge  tubes,  permitted  to 
clot,  rimmed,  and  held  at  0  ±  2°  C.  for  1  to  10  hours.  Expressed  serum  was 

1  These  studies  were  aided  by  a  contract  between  the  Office  of  Naval  Research,  Department 
of  the  Navy  and  the  University  of  Kansas,  NR  163-012. 

-  Public  Health  Service  Predoctorate  Research  Fellow  of  the  National  Microbiological 
Institute. 
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TABLE  I 

git  al  <  »u [xirisons  and  injection  schedules  used  to  produce  antisera 


Species 

Serum  protein 
gms./lOO  ml. 

Injection  schedule 

Series  of 
injections 

PHYLUM  MOLLUSCA 

Cla^  Cephalopoda 

Octopus  vulgaris  Linnaeus 

1.75 

1.0,  1.5,  2.0  ml.,  iv*.,  alt.  daysf 

4 

Sepia  officinal  is  Linnaeus 

4.20 

1.0,  1.5,  2.0  ml.,  iv.,  alt.  days 

4 

<  ra-tropoda 

Argobuccinum   oregonensis    (Red- 

field) 

3.10 

1.0,  1.0,  2.0,  2.0  ml.,  iv.,  alt.  days 

•> 

Busvcon  caricum  (Gmelin) 

2.40 

1.0    1.5    2.0  ml.,  iv.,  alt.  days 

4 

Class  Pelecypoda 

M  (ico  ma  nnsuta  Conrad 

1.27 

1.0,  1.5,  2.0,  2.0  ml.,  iv.,  alt.  days 

2 

Modiolus  modiolus  Linnaeus 

0.27 

1.0,  2.0,  2.0,  2.0  ml.,  iv.,  alt.  days 

2 

Pecten  hericus  Gould 

0.65 

1.0,  1.0,  2.0,  4.0  ml.,  iv.,  alt.  days 

2 

Pcctcn  hinds  ii  (Carpenter) 

0.45 

1.0,  1.0,  2.0,  4.0  ml.,  iv.,  alt.  days 

1 

Pododesmus  macroschisma 

0.47 

1.0,  2.0,  2.0,  2.0  ml.,  iv.,  alt.  days 

I 

Deshayes 

Class  Amphineura 

Cryptochiton  stellcri  Middendorf 

2.47 

2.0,  1.5,  2.0  ml.,  iv.,  alt.  days 

4 

Katharina  tunicata  Wood 

4.80 

1.0,  1.5,  2.0  ml.,  iv.,  alt.  days 

4 

Mo  pal  ia  muscosa  (Gould) 

1.07 

1.0,  1.5,  2.0  ml.,  iv.,  alt.  days 

4 

ToniccUa  lineata  Wood 

0.67 

1.0,  1.5,  2.0,  2.0  ml.,  iv.,  alt.  days, 

5.0,  5.0  ml.,  ip**.,  5.0  ml.,  iv.,  alt. 

days 

1 

*iv  =  intravenously,     **ip  =  intraperitoneally,     f  alt.  days  =  alternate  days 

poured  into  clean,  dry  lusteroid  centrifuge  tubes  and  centrifuged  for  30  minutes  at 
375  g.  The  resulting  clear  serum  was  decanted,  sterilized  by  passage  through  Seitz 
filters,  put  into  sterile  serum  vials  and  frozen  at  —  20°  C.  until  used. 

METHODS  OF  TESTING 

Quantitative  measures  of  precipitin  reactions  were  made  with  the  Libby  (1938) 
photronreflectometer,  using  the  methods  outlined  by  Boyden  and  DeFalco  (1943) 
and  Leone  (1949).  Precipitin  tests  were  performed  by  adding  a  constant  amount 
of  antiserum  to  doubling  dilutions  of  antigens.  The  proteins  were  diluted  with  0.9 
per  cent  saline  buffered  with  71//150  phosphate  salts.  'Merthiolate'  in  final  con- 
centration of  0.01  per  cent  (1  :  10,000)  was  added  as  a  bacteriostatic  agent  to  the 
saline  diluent.  Initial  dilutions  of  antigens  were  made  on  the  basis  of  the  known 
concentration  of  protein  (Table  I)  ;  dilutions  ranged  from  1  :  62.5  to  1  : 4,096,000. 
('out rol  readings  of  antigen  and  saline,  and  antiserum  and  saline,  were  subtracted 
in  mi  the  total  turbidity  readings.  Corrected  values  for  the  antigen-antibody  pre- 
cipitates were  plotted  with  the  turbidities  on  the  ordinate  and  the  antigen  dilutions 
on  the  abscissa.  Representative  curves  are  shown  in  Figure  1.  A  value  propor- 
tional to  the  area  under  each  curve  was  obtained  by  a  summation  of  the  turbidity 
values  (Hoyden  and  DeFalco,  1943).  Duplicate  tests  yield  "area"  values  which 
are  within  :-  3  per  cent  of  each  other.  The  "areas"  of  the  homologous  and  heterol- 
ogous  reactions  were  used  to  establish  the  relationships  among  the  various  proteins 
which  were  compared.  To  compute  the  percentage  relationship,  the  summation  of 
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FIGURE  1.  Precipitin  reaction  curves  obtained  with  the  antiserum  produced  against  Sepia 
officinalis.  Values  proportional  to  the  areas  under  the  curves  are  obtained  by  stimulating  the 
turbidity  values.  Comparisons  are  made  of  the  "areas"  to  determine  the  per  cent  relationship 
among  the  species  represented. 

the  homologous  reaction  was  divided  into  the  summation  of  the  heterologous  re- 
action and  the  quotient  multiplied  hy  100. 

EXPERIMENTAL  RESULTS 

All  antisera  produced  using  the  schedules  of  injections  given  in  Table  I  had  high 
levels  of  antibodies.  Table  II  gives  a  summary  of  the  serological  relationships 
which  were  calculated  from  the  precipitin  tests  performed  with  the  various  antigens 
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and  antisera.  The  percentage  values  in  Table  II  are  based  on  averages  of  tests 
done  in  duplicate. 

The  antiserum  produced  against  the  proteins  of  Octopus  vulgaris  had  the 
strongest  cross-reaction  with  the  proteins  of  the  other  cephalopod,  Sepia  officinalis. 
Proteins  from  the  gastropod  Busycon  caricum  were  slightly  more  reactive  with  this 
antiserum  than  were  the  proteins  from  the  several  amphineurans  which  were  tested. 
The  proteins  from  the  pelecypods  Pcctcn  hcricus  and  P.  liindsii  had  no  measurable 
reactions  with  this  antiserum. 

The  antiserum  produced  against  the  proteins  of  Sepia  officinalis  had  the  strongest 
cross-reaction  with  the  proteins  of  Octopus  vulgaris.  This  antiserum  did  not  per- 
mit us  to  distinguish  effectively  between  the  gastropods  and  amphineurans,  the  pro- 
teins of  both  of  which  wrere  measurably  reactive.  The  pelecypods  Pcctcn  hcricus 
and  P.  liindsii  had  no  measurable  reactions  with  the  antiserum. 

TABLE  II* 
Per  cent  relationships  among  species  front  four  classes  of  Mollusca 
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Octopus  vulgaris 

100 

47 

0        5 

i 

0 

0 

0 

0 

0 

i    i 

1 

i 

0 

Sepia  officinalis 

69 

100 

0         3 

0 

0 

2 

8 

0 

0 

Argobitcciiuun  urfgonciisis 

0 

100    100 

33 

0 

0 

0 

0 

0 

Busycon  caricum 

21 

1 

58      34 

100 

0 

0 

0 

0 

7         0 

2 

0 

0 

Mni'nina  nasitta 

100 

0 

0 

Modiolus  modiolus 

2 

0 

100 

13 

0 

0 

0 

Pecten  hericns 

0 

0 

0        3 

0 

22 

4 

100 

56 

0 

0        0 

0 

0 

Pecten  himlsii 

0 

0 

0 

0 

74 

100 

0 

0 

0 

I'nilihli'smns  macroschisma 

0 

5 

100 

Cryptochitnn  stdlcri 

16 

6 

0        0 

2 

19 

6 

100    100 

79 

65 

31 

Kutiiarina  tnnicata 

14 

5 

0        1 

12 

0 

0 

19 

0 

0 

54      80 

100 

69 

25 

Mopalio  muscosa 

13 

4 

0 

36      65 

63 

100 

26 

Tiniicella  lineaia 

4 

0 

0 

0 

10      20 

24 

23 

100 

*  Comparative  values  are  in  the  vertical  columns.  Experimental  error:  ±  3  per  cent  rela- 
tionship. The  columns  headed  Argobuccinttm  and  Cryptochiton  contain  sets  of  data  for  two 
antisera. 


The  two  antisera  which  were  produced  against  the  proteins  of  the  gastropod 
.  Irgobuccinum  orcgoncnsis  were  specific  with  respect  to  cross-reactivity  with  the 
proteins  from  representatives  of  the  other  Classes  in  the  Phylum  Mollusca.  Both 
antisera  had  strong  cross-reactions  with  the  other  gastropod,  Busycon  caricum. 
The  less  specific  of  the  two  antisera  was  slightly  reactive  with  the  proteins  from 
the  cephalopods  Octopus  and  Sepia,  the  pelecypods  Modiolus  and  Pecten  and  the 
amphineuran  Katliarina.  The  more  specific  of  the  two  anti-Argobuccinuwi  sera 
gave  measurable  cross-reactions  only  with  the  proteins  of  the  other  gastropod 
Busycon. 

I  he  proteins  of  the  other  gastropod,  Argobuccinum,  were  most  reactive  with  the 
antiserum  t<>  Uusycon  caricum.  The  reactivity  of  the  proteins  of  the  amphineuran 
Katharina  tnnicata  with  this  antiserum  was  strong  as  compared  to  the  slightly  posi- 
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tive  results,  and  negative  results  obtained  with  the  proteins  of  the  other  amphin- 
eurans.  Of  the  cephalopods,  only  the  proteins  of  Octopus  were  reactive  and  to  a 
small  extent.  Proteins  from  the  pelecypod  Pcctcn  had  no  measurable  reactivity 
with  the  anti-Busycon  serum. 

The  antiserum  to  the  proteins  of  the  pelecypod  Macoma  nasuta  was  strongly 
reactive  with  the  proteins  of  Pectcn  hericus,  but  gave  negative  results  with  the  pro- 
teins of  the  other  pelecypods  Modiolus  and  Pododcsmiis.  Negative  also  were  the 
results  of  tests  performed  with  representatives  from  the  other  Classes  in  the  Phylum. 

The  anti-Modiolus  serum  was  slightly,  and  equally,  cross-reactive  with  the  pro- 
teins of  the  pelecypods  Pododcsmus  and  Pccten.  Proteins  from  the  pelecypod 
Macoma  were  not  measurably  reactive.  Proteins  from  representatives  from  the 
Gastropoda,  Cephalopoda,  and  Amphineura  were  likewise  not  measurably  reactive. 

Proteins  from  Pectcn  hericus  and  from  Pectcn  hindsii  each  induced  the  forma- 
tion of  strikingly  similar  antisera.  Good  differentiation  between  species  was  ob- 
tained with  both  antisera  when  they  were  tested  with  the  proteins  of  the  two 
pectens.  Cross-reactions  were  obtained  between  the  proteins  of  the  amphineurans 
Cryptochiton  and  Katharina  and  anti-Pecten  hericus,  and  between  Cryptochiton 
and  anti-Pccten  hindsii.  Proteins  of  other  amphineurans  and  proteins  from  the 
cephalopods  and  gastropods  gave  negative  results  when  tested  with  these  antisera. 

The  antiserum  produced  against  the  proteins  of  the  pelecypod  Pododcsmus  macro- 
sc/iisma  was  cross-reactive  with  the  proteins  of  the  pelecypod  Modiolus  modiolus. 
Results  obtained  with  proteins  from  tests  performed  between  this  antiserum  and 
the  proteins  from  species  representative  of  the  other  Classes  of  the  Phylum  Mol- 
lusca  were  negative. 

The  two  antisera  which  were  produced  against  the  hemocyanins  of  the  amphi- 
neuran  Cryptochiton  stclleri  had  differing  specificities.  Within  the  Amphineura, 
however,  the  sequence  of  relationship  for  cross-reacting  proteins  was  the  same  for 
each  antiserum.  Proteins  from  Katharina  tunicata  had  the  strongest  cross-reaction, 
followed  by  Mopalia  mitscosa  and  then  Tonicella  lineata.  With  one  of  the  antisera, 
the  proteins  of  the  gastropod  Busvcon  were  more  reactive  than  were  the  proteins 
of  the  cephalopods  Sepia  and  Octopus;  however,  with  this  same  antiserum,  the 
proteins  of  the  other  gastropod,  Argobuccinum,  were  negative.  The  other  anti- 
serum  against  Cryptochiton  had  a  slight  cross-reaction  with  the  proteins  of  Octopus 
and  no  measurable  reaction  with  the  proteins  of  Busycon.  The  latter  antiserum 
was  also  not  measurably  reactive  with  the  proteins  of  the  pelecypods. 

The  antiserum  produced  against  the  proteins  of  Katharina  tunicata  had  its 
strongest  cross-reaction  with  the  proteins  of  Cryptochiton.  Mopalia  and  Tonicella 
were  next  most  reactive  in  that  order.  Of  the  species  from  other  Classes  the  pro- 
teins of  the  cephalopod  Sepia  officinalis  were  most  reactive.  The  proteins  of  the 
cephalopod  Octopus  were  reactive  to  a  lesser  extent,  as  were  the  proteins  of  the 
gastropod  Busycon.  The  proteins  of  the  pelecypods  had  no  detectable  reactions 
with  this  antiserum. 

Proteins  from  Katharina  tunicata  and  Cryptochiton  stclleri  were  approximately 
equally  reactive  with  the  anti-Mopalia  sera  and  more  so  than  were  the  proteins  of 
Tonicella  lineata.  The  proteins  of  Octopus  vulgaris  were  slightly  cross-reactive 
with  this  antiserum. 

Reactions  involving  the  antiserum  produced  against  the  proteins  of  Tonicella 
lineata  were  restricted  to  the  proteins  of  the  amphineurans.  By  means  of  the  anti- 
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serum  we  were  unable  to  distinguish  effectively  among  the  proteins  of  the  species 
Cryptochiton  stcllcn,  Katharina  tunic  at  a,  and  Mopalia  muscosa. 

DISCUSSION 

( )nly  a  few  reports  in  the  literature  provide  serological  data  on  interclass  re- 
lationships among  the  mollusks. 

Galli-Valerio  (1916)  produced  antisera  against  tissue-extracts  of  the  pelecypod 
Anodonta  anatina  (Linnaeus).  His  only  heterologous  precipitin  tests  were  with 
similar  extracts  from  the  gastropod  Limnaea  stagnalis  (Linnaeus),  which  produced 
precipitates. 

Erhardt  (1931)  produced  antisera  against  the  gastropods  Arion  einpericorwn 
Ferussac  and  Limnaea  stagnalis  (Linnaeus).  The  stronger  anti-Arion  serum 
cross-reacted  well  with  the  proteins  of  the  other  gastropods,  but  gave  negative  re- 
sults in  tests  with  the  proteins  of  the  amphineuran  Chiton  'inarginatus  Pennant. 

Makino  (1934)  employed  precipitin,  complement  fixation  and  anaphylactic  re- 
actions with  saline-extracted  antigens  from  the  pelecypods  Area  inflata  Reeve, 
Cythcrca  meretrix  Linnaeus,  Ostrca  gigas  Thunberg,  Paphia  philippinarum  Adams 
and  Reeve,  the  gastropods  Haliotis  gigantea  Chemnitz,  Rapana  thomasi  Crosse, 
Turbo  coronatus  (Gmelin)  and  the  cephalopods  Sepiclla  japonica  Sasaki,  and 
Polypus  [=  Octopus]  variabilis  Sasaki.  Within  each  Class  the  cross-reactions 
between  antigens  and  antibodies  were  strong.  Cross-reactions  between  reagents 
which  were  representative  of  different  Classes  of  mollusks  were  weak  or  doubtful, 
or  gave  negative  results.  His  precipitin  data  were  extensive  and  he  judged  that 
they  indicated  the  gastropods  resembled  the  pelecypods  more  than  they  did  the 
cephalopods.  This  judgment  was  based  on  "ring  test"  data,  the  differential  titers 
of  which  were  within  the  experimental  error  of  method,  and  generally  on  "plus" 
versus  "plus-minus"  reactions.  In  our  opinion  his  data  revealed  no  conclusive 
order  of  relationship  among  the  three  groups  of  mollusks. 

Kuramoto  (1933)  made  extensive  interclass  serological  comparisons  of  repre- 
sentative species  of  pelecypods,  gastropods  and  cephalopods.  He  produced  anti- 
sera  against  the  pelecypods  Ostrca  gigas  Thunberg,  Corbicitla  japonica  Prime, 
Cristaria  plicata  Leach,  Cythcrca  ntcrctri.v  Linnaeus  and  Tapes  philippinarum 
Adams  and  Reeve,  the  gastropods  Haliotis  gigantea  Chemnitz,  and  Viriparns  ja- 
ponicns  Martens  and  the  cephalopods  Eitprynma  morsel  Verrill,  and  Octopus  mcui- 
hranaccus  Ouoy.  His  precipitin  ("ring-tests")  and  complement  fixation  data  show, 
without  question,  a  closer  relationship  between  the  gastropods  and  cephalopods  than 
between  either  of  these  and  the  pelecypods.  This  work  is  singularly  exceptional, 
in  comparison  to  the  findings  of  others,  in  that  his  results  give  strong  interclass 
serological  reactions  which  reciprocally  verify  one  another. 

Chestnut  (1943)  employed  the  turbidimetric  analysis  of  precipitin  reactions  in 
his  study  of  molluscan  relationships.  He  produced  antisera  against  the  tissue- 
proteins  of  the  pelecypods  Ostrca  gigas  Thunberg  and  Ostrca  virginica  (Gmelin), 
the  hemocyanins  of  the  gastropods  Fasciolaria  gigantia  Kiener,  Bnsycon  pcrvcrsnni 
Linnaeus,  Busycon  caricnui  (Gmelin),  and  Aplysia  protca  (Rang)  and  a  cephalo- 
]>od  Octopus  sp.  The  antisera  against  the  pelecypod  proteins  were  Class-specific, 
as  were  all  but  one  of  the  antigastropod  sera.  A  slight  cross-reaction  was  obtained 
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between  the  anti-Aplysia  serum  and  the  proteins  of  the  pelecypods.  Other  inter- 
class  cross-reactions  were  obtained  with  the  anti-Octopus  serum  and  the  proteins 
from  both  the  pelecypods  and  the  gastropods.  The  gastropods  were  indicated  to 
be  slightly  more  closely  related  to  the  cephalopod  than  were  the  pelecypods. 

Wilhelmi  (1944)  obtained  reciprocal  cross-reactions  between  antigens  and  anti- 
sera  of  the  gastropod  Busy  con  caricum  (Gmelin)  and  the  pelecypod  Pec  ten  irrad- 
ians  Lamarck. 

Our  serological  data  were  inconclusive  with  respect  to  the  establishment  of  a 
definite  sequence  of  relationship  among  the  four  Classes  of  the  Phylum  Mollusca. 
The  values  for  interclass  relationships  were  generally  low  and  approximately  at  the 
limit  of  the  sensitivity  of  the  serological  methods  which  were  employed.  Multiple 
series  of  injections  were  given  to  induce  the  formation  of  powerful  antisera.  It 
was  seemingly  beyond  the  capabilities  of  the  rabbits  to  produce  antisera  by  means 
of  which  we  could  discriminate  effectively  among  the  cross-reacting  proteins  from 
the  different  Classes.  Most  of  the  proteins  from  species  which  were  in  the  same 
Class  as  the  homologous  species  were  reactive  with  a  given  antiserum  and  readily 
distinguished  from  proteins  from  another  Class.  Were  it  not  for  the  fact  that  the 
interclass  data  were  chiefly  at  the  limit  of  the  ranges  of  the  antisera,  and  close  to 
the  experimental  error  in  the  method,  the  negative  results  might  otherwise  have 
been  significant  as  a  means  of  distinguishing,  in  part,  among  the  Classes.  An  in- 
spection of  the  interclass  data  reveals  several  instances  where  the  proteins  of  one 
species  within  a  Class  gave  a  measurable  cross-reaction  with  an  antiserum  while 
the  proteins  of  a  second  species  from  the  same  Class  gave  a  negative  result. 

The  pelecypod  proteins  gave  fewer  positive  interclass  reactions  than  did  the 
proteins  of  the  representatives  of  the  other  Classes.  Moreover,  most  of  the  antisera 
produced  against  the  proteins  of  the  pelecypod  species  were  more  specific  than  the 
antisera  produced  against  the  proteins  of  species  from  other  Classes.  This  pattern 
of  cross-reactions  for  the  pelecypods  might  have  been  due,  in  part,  to  the  non- 
correspondence  of  their  proteins  with  the  proteins  of  the  species  from  the  other 
Classes.  The  proteins  of  the  pelecypods  were  in  extracts  obtained  from  homoge- 
nates  of  the  whole  bodies  of  organisms.  Proteins  from  species  in  other  Classes  were 
the  hemocyanins  of  the  sera.  The  low  cross-reactivity  of  the  proteins  of  the  am- 
phineuran  Tonicella  lineata,  which  were  obtained  also  as  extracts  and  leachings 
from  the  bodies  of  the  organisms,  likewise  might  have  been  due  to  their  lack  of 
correspondence  with  the  serum  proteins  of  the  other  amphineurans.  More  difficult 
to  comprehend  are  differences  in  cross-reactivity,  in  view  of  the  generally  aspecific 
nature  of  interclass  serological  reactions,  of  the  hemocyanins  from  species  in  one 
Class  with  the  antihemocyanin  sera  representative  of  another  Class.  The  hemo- 
cyanins of  the  gastropod  Argobuccinum,  for  example,  failed  to  give  a  measurable 
cross-reaction  with  the  anii-Cryptochiton  serum,  while  the  hemocyanins  of  the 
gastropod  Busycon  had  seven  per  cent  of  measurable  correspondence  with  the  ho- 
mologous reaction.  The  difference  between  the  reactivities  of  Argobuccinum  and 
Busycon  exceeds  the  limits  of  the  experimental  error  of  the  methods.  Both  of  the 
antigens  were  collected  and  preserved  in  the  same  manner.  Their  places  of  origin 
were  greatly  different,  but  this  fact  should  not  be  of  importance  if  the  same  laws 
of  inheritance  and  principles  of  systematics  and  evolution  apply  to  the  conserva- 
tively inherited  proteins  of  the  serum  as  apply  to  other  essential  characters  of  these 
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organisms.  Lipoprotein-anti-lipoprotein  reactions  have  been  known  (Boyden, 
1936;  Cumley,  1939;  Wilhelmi,  1944)  to  account  for  otherwise  unpredictable  sero- 
lo^ical  reactivity  involving  hemocyanins  and  other  proteins  from  invertebrates. 
Lipoidal  substances  were  not  removed  from  the  serum  antigens  which  were  used  in 
our  experiments.  The  presence  of  lipid  materials  in  the  serum  of  invertebrates 
might  be  a  superficial  trait,  a  consequence  of  the  dietary  habits  of  the  animals, 
hence,  under  environmental  control,  and  of  trivial  systematic  importance  in  sero- 
li '^ical  comparisons.  Lipid  materials  bound  to  proteins  as  a  consequence  of 
geneticallv  controlled  syntheses  are  of  unquestioned  value  in  serological  compari- 
sons. The  relatively  aspecific  nature  of  the  fatty  component  of  lipoproteins  would 
provide  the  greatest  usefulness  in  studies  of  serological  correspondence  among  dis- 
tantly related  groups  of  animals.  It  was  this  reasoning  which  led  us  to  use  anti- 
gens which  had  not  been  defatted. 

A  critical  evaluation  of  the  interclass  serological  data  in  this  paper,  and  in 
earlier  reports  (Erhardt,  1931;  Kuramoto,  1933;  Makino,  1934;  Chestnut,  1943; 
and  Wilhelmi,  1944),  does  not  support  Knight's  suggestion  (1952,  p.  44)  to  merge 
the  isopleuran  (amphineuran)  and  anisopleuran  (gastropod)  mollusks  into  a  single 
Class,  the  Gastropoda.  By  assuming  the  generally  lowered  interclass  reactivities 
of  the  pelecypods  (Table  II)  to  be  due  to  the  lack  of  correspondence  of  their  tissue- 
extract  proteins  with  the  hemocyanins  of  the  sera  of  other  groups  and  by  recalling 
that  most  of  the  measurable  interclass  reactivities  are  within  or  near  the  experi- 
mental error  of  the  method,  all  of  the  groups  would  stand  distantly  related,  and 
approximately  equally  so.  In  this  interpretation  the  four  Classes  Amphineura, 
Gastropoda,  Pelecypoda,  and  Cephalopoda  would  be  retained  as  commonly  accepted. 

Cross-reactions  between  serological  reagents  involving  proteins  from  pelecypods, 
gastropods  and  cephalopods  have  been  reported  by  Kuramoto  (1933),  Makino 
(1934),  and  Chestnut  (1943).  Each  of  these  workers  obtained  results  which  in- 
dicated that  the  gastropods  and  cephalopods  are  more  closely  related  to  each  other 
than  either  of  them  is  to  the  pelecypods.  Their  data  indicate,  also,  a  closer  rela- 
tionship between  pelecypods  and  gastropods,  than  between  pelecypods  and  cephal- 
opods. Our  data  yielded  no  conclusive  information  on  the  relative  amounts  of 
serological  correspondence  among  the  three  groups. 

Both  of  the  anti-Pccten  sera  had  reactions  with  the  proteins  of  the  amphineurans 
which  were  inconsistent  with  the  other  serological  data  in  Table  II.  We  can  offer 
no  explanation  for  the  reactions.  Subsequently-produced  anti-Pcctcn  sera  gave  no 
such  cross-reactions  with  the  proteins  of  the  amphineurans.  The  reactions  of  the 
anti-Macoma  serum  are  also  unusual  because  of  the  strong  cross-reaction  of  this 
serum  with  Pcctcn  and  the  failure  of  the  serum  to  react  with  the  proteins  of  other 
pelecypods.  These  "anomalous"  data  are  included  in  our  results  to  illustrate  the 
occasional  occurrence  of  unverifiable  serological  reactions  which  are  in  all  proba- 
bility due  to  unusual  responses  of  rabbits  to  the  antigens  being  injected. 

SUMMARY 

1.  Serological  comparisons  were  made  with  precipitins  of  proteins  from  mol- 
luscan  species  representative  of  the  four  Classes  Amphineura,  Gastropoda,  Cephal- 
opoda and  Pelecypoda. 
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2.  Interclass  reactions  were  approximately  at  the  limit  of  the  sensitivity  of  the 
turbiclimetric  method  which  was  employed. 

3.  Knight's  proposal  to  include  the  amphineurans  in  the  Class  Gastropoda  is 
not  supported  by  the  serological  data.     The  analysis  and  integration  of  the  sero- 
logical  data  already  in  the  literature,  with  the  data  in  this  work,  provide  additional 
evidence  that  the  four  groups  should  be  retained  as  distinct  Classes. 
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The  organs  and  tissue  cells  of  many  insects  harbor  living  microorganisms  which 
seem  to  exert  no  harmful  effect  on  their  hosts.  In  fact,  some  of  them  have  been 
found  to  bear  a  symbiotic  relationship  with  the  insects.  It  has  been  shown  in  many 
instances,  especially  in  termites,  blood-sucking  insects  and  two  anobiid  beetles, 
Lasioderma  serricorne  F.  and  Stegobium  (Sitodrepa)  paniceum  L.,  that  symbionts 
can  play  an  important  part  in  the  nutrition  of  their  host  (Fraenkel,  1952;  Buchner, 
1953). 

The  mycetom  which  houses  the  yeast-like  symbionts  of  Stegobium  was  first 
described  by  Karawaiew  (1899),  and  the  true  nature  of  the  symbionts  first  recog- 
nized by  Escherisch  (1900).  Later  Buchner  (1912),  Heitz  (1927),  Breitsprecher 
(1928),  Koch  (1933),  Fraenkel  and  Blewett  (1943),  Blewett  and  Fraenkel  (1944) 
and  Pant  and  Fraenkel  (1950)  added  to  our  knowledge  of  the  relationship  of  the 
symbionts  to  their  insect  hosts  in  Lasioderma  and  Stegobium.  Koch  (1933)  rec- 
ognized that  the  symbionts  of  Stegobium  exerted  a  function  in  the  nutrition  of  the 
host  which  was  similar  to  that  of  yeast.  Blewett  and  Fraenkel  (1944)  showed  that 
the  symbionts  were  sources  of  many  of  the  vitamins  of  the  B-complex  for  their 
hosts.  This  present  study  continues  and  extends  the  previous  work  by  Blewett  and 
Fraenkel  and  is  also  concerned  with  the  culture  of  the  yeasts  outside  the  body  and 
the  effect  of  transplanting  them  into  the  foreign  host.  Some  of  the  results  have 
already  been  briefly  reported  (Pant  and  Fraenkel,  1950). 

MATERIALS  AND  METHODS 

Cultures  of  Lasioderma  serricorne  and  Stegobium  paniceitin  were  maintained 
on  wholemeal  flour  and  wheat  bran  with  the  addition  of  5rf  dried  debittered 
brewers  yeast.  The  cultures  had  to  be  covered  with  tightly  fitting  wire  gauze  tops 
because  of  the  tendency  of  the  adult  beetles  to  cut  through  muslin  covers.  In  order 
to  obtain  a  large  number  of  eggs,  adult  beetles  were  maintained  on  a  small  quantity 
of  white  flour  plus  5%  yeast.  Eggs  laid  in  this  medium  were  recovered  by  sifting 
through  a  60-mesh  sieve. 

The  basic  diet  was  the  same  as  that  described  previously  for  Tcncbrio  molitor 
(  Frarnkcl  et  al.,  1950)  and  consisted  of  20  parts  casein,  80  parts  glucose,  1  part 
cholesterol  and  2  parts  McCollum's  salt  mixture  no.  185.  To  this  mixture  the 
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following  vitamins  of  the  B-complex  were  added  (expressed  as  jug.  per  gram  of  the 
dry  diet)  :  thiamin  25,  riboflavin  12.5,  nicotinic  acid  25,  pyridoxin  12.5,  pantothenic 
acid  25,  choline  chloride  500,  inositol  250,  folic  acid  2.5  and  biotin  0.1.  In  some 
cases  the  water-insoluble  residue  of  yeast  was  used  in  the  place  of  biotin  (Fraenkel 
and  Blewett,  1943). 

The  tests  were  carried  out  in  2  X  1  inch  shell  vials  closed  by  one-holed  corks 
with  muslin  tops.  Ten  newly  hatched  larvae  were  added  to  each  tube  and  each 
test  was  performed  in  duplicate.  Each  tube  contained  two  grams  of  food.  All 
tests  were  carried  out  in  a  constant-temperature-humidity  chamber  of  27°  C.  and 
70%  relative  humidity. 


MYCETOME 


FIGURE  1.     Intestine  of  the  adult  Lasiodcnua  sen-iconic,  showing  the  mycetoms  at  the  junction 

of  fore-  and  midgut. 


For  the  study  of  the  symbionts  in  situ,  sections  were  cut  and  stained  with  Dela- 
field's  hematoxylin  and  eosin  or  orange  G.  Smears  of  mycetomic  tissue  were  stained 
with  Wright's  stain  or  were  smeared  on  to  the  slide  with  a  drop  of  India  ink.  The 
latter  method  proved  very  suitable  for  the  study  of  the  shape  of  the  cells. 

For  the  graphic  representation  of  results,  the  total  number  of  adults  formed 
was  plotted  against  time.  Both  Lasiodcnna  and  Stcyolnum  spin  a  cocoon  previous 
to  pupation.  Most  of  these  cocoons  are  fixed  on  to  the  glass  wall  of  the  vials 
leaving  open  a  window  to  the  inside  of  the  cocoon  through  which  the  insects  can  be 
observed.  Thus  the  time  of  pupation  and  emergence  of  the  adults  can  be  accurately 
determined  by  frequent  inspections. 
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FIGURE  2.     Transverse  section  through  two  lobes  of  the  mycetom  of  the  Stegobium  pamccmn 
larva,  showing  location  of  symbionts  in  the  mycetom  and  lumen  of  the  intestine. 

OBSERVATIONS  AND  EXPERIMENTS 
1.  Mycetoms  and  symbionts 

The  mycetoms  of  Lasiodcnna  scrricorne  are  similar  to  those  of  Stegobium  pani- 
ccmn  which  have  already  been  described  several  times  (Karawaiew,  1899;  Buchner, 
1912;  Heitz,  1927  ;  Breitsprecher,  1928).  However  in  Lasioderma  they  consist  of  6 
lobes  or  protrusions  situated  at  the  junction  of  fore  and  midgut  which  are  evagina- 
tions  of  the  wall  of  the  midgut,  and  which  are  in  continuation  with  the  lumen  of  the 
gut  (Fig.  1 ).  As  in  Sli't/uhiitin,  they  consist  of  large  cells  containing  symbionts  and 
irregular  shaped  nuclei.  The  other  cells  of  the  epithelium  are  without  microorgan- 
isms and  have  round  nuclei  and  fringed  borders  (Fig.  2). 

In  newly  hatched  larvae  the  mycetoms  are  not  externally  differentiated.      It  is 
•  iod  of  5-7  days  that  the  mycetoms  acquire  their  characteristic  lobed  shape. 
(•  prcpupae  the  mycetomes  become  reduced  in  size  and  are  no  longer  prominent. 
further  reduced  in  the  pupae,  but  are  fully  developed  in  the  adults,  where 
each  outwardly  subdivided  into  three  sub-lobes.     In  Stegobium,  which  has 

a  tour-1        1  mycetom,  the  shape  of  the  organ  changes  markedly  in  the  adult,  by  the 
;x  tubular  appendages  which  arise  from  each  lobe. 
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The  symbionts  of  Stegobium  were  first  identified  by  Escherisch  (1900)  as  or- 
ganisms which  look  like  yeasts  and  multiply  by  budding.  They  differ  markedly  in 
size  and  shape  in  the  two  species  (Figs.  3  and  4).  In  Lasiodcnna  the  cells  are 
broadly  oval,  2  to  3.5  p.  wide  and  2  to  4.5  /x  long,  with  only  one  bud  attached  to  a 
cell,  except  for  the  pupa,  where  two  buds  per  cell  are  common.  The  buds  are 
apical  and  the  point  of  attachment  is  broad.  No  mycelium  or  spores  were  ever 
observed.  In  the  adults  the  symbionts  are  slightly  smaller  and  budding  is  less 
common.  In  Stegobium  the  yeasts  are  elongate,  pear-shaped,  and  pointed  at  one 
end  to  which  a  single  bud  may  be  attached.  The  point  of  attachment  is  very 
narrow.  The  size  varies  from  1.5  to  3.5  ^  width  and  3  to  6  ^  length.  These  dif- 
ferences in  size,  shape  and  budding  are  so  characteristic  that  the  two  types  can  be 
readily  discerned. 

2.  Cultivation  of  the  symbionts 

Escherisch  (1900)  claimed  to  have  cultivated  Stegobium  but  Heitz  (1927)  and 
Breitsprecher  (1928)  failed  in  subsequent  attempts.  We  have  successfully  cul- 
tivated the  yeasts  of  both  species  in  Hansen's  solution  (peptone  1.0  gm.,  glucose  5 
gm.,  potassium  dihydrogen  phosphate  0.3  gm.,  magnesium  sulfate  0.3  gm.,  and 
water  100  ml).  The  larvae  were  sterilized  by  submerging  them  in  5%  chloramine 
in  70%  alcohol  for  two  minutes.  They  were  then  washed  with  sterilized  water, 
and  the  mycetom  dissected  out  under  sterile  conditions  and  transferred  into  the 
culture  medium.  In  the  case  of  Lasioderma,  inoculated  medium  was  kept  at 
29°  C.  for  15  to  20  days  after  which  it  turned  turbid,  with  the  cells  settling  down 
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FIGURE  3.  The  yeast-like  symbionts  nf  Lasioderma  sen-iconic.  A.  Tn  the  larva.  B.  In 
the  pupa. 

FIGURE  4.  The  yeast-like  symbionts  of  Stcuohiutn  puniccHiii.  A.  In  the  larva.  B.  Culti- 
vated symbionts. 
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at  tlu'  bottom.  I'l  e  -.intension  was  then  inoculated  on  to  an  agar  medium  where 
colonies  were  form<  >'  \  Fig.  5  I.  The  incubation  period  for  the  yeasts  from  Steg- 
was  long<  ,  up  to  35  days,  and  growth  was  poor  compared  with  that  of 
cniui  \<  -\<>  colonies  were  obtained  on  the  agar  medium. 

The  culthated  \vasts  showed  the  same  morphological  characteristics  as  those 
hi  situ  (  Figs.  3  and  4).  Hut  in  very  old  cultures  chains  of  yeast  sometimes  devel- 
oped, l.ii.^intlcniia  symbionts  could  be  grown  in  such  profusion  that  it  was  possible 
in  o  >nduct  feeding  trials  with  them.  For  inoculation  of  media  mycetoms  of  lar- 
vae, pupae  and  adults  were  used  with  success.  Fggs  were  also  employed  but  given 
up.  owing  to  the  fact  that  the  outer  surface,  which  contained  the  yeasts,  could  not 

terilized. 


, i  KK  5.     A.  Culture^  ot  the  >yml>ii:iit>  <if  Lusiddcrnni  on  an  a.yar  medium.     B.  Culture  of  the 
same  ^ymhionts  after  implantation  into  Stegobium  larvae. 


The  yeasts  from  either  species  have  never  been  accurately  identified  taxonom- 
ically.  They  were  provisionally  placed  by  Huchner  (1930)  under  the  genus 
.\'(i('c!i(truin\'ccs  and  named  S.  anobii.  However  they  differ  from  S.  ccrvicac  in  that 
they  cannot  ferment  glucose  with  development  of  carbon  dioxide. 

•*'.   I'.liinlnalion  of  vcusts  jroin  the  insects,  and  reimplantation 

The  insects  were  deprived  of  their  yeast  by  a  method  first  described  by  Koch 
(  lf^33j  and  subsequently  employed  by  Blewett  and  Fraenkel  (1944).     Eggs  were 
treated  with  5%  chloramine  in  70%  alcohol  for  one  minute  at  room  temperature, 
which  are  normally  transmitted  by  smearing  on  the  outer  surface  of 
bile  it  passes  through  the  common  oviduct,  are  hereby  killed.     The  eggs 
-nbsequently  washed  in  distilled  water.     The  larvae  which  hatched  from  these 
1  not  contain  symbionts,  although  the  mycetoms  developed  normally.     The 
offsprin-    from  eggs  treated  in  this   way   will   never  acquire  symbionts,  unless  re- 
in fei 
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LASIODERMA 

(UNSTERILIZED) 


3S          DAYS 


LASIODERMA 

(STERILIZED) 


NO  RlBOFLAVIN 

NO  NICOTINIC  ACID 

NO  PVBIDOXIN 

NO  PANTOTHENIC  ACID 
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FIGURE  6.  Growth  of  the  larvae  of  Lasiodcrma  serricorne  on  artificial  diets  in  the  pres- 
ence and  absence  of  certain  vitamins  of  the  B-complex.  A.  Normal  larvae.  B.  Larvae  without 
symbionts.  C.  Larvae  which  contain  the  symbionts  of  Stcgobium. 
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When  sterile  eg  i'c  treated  with  a  suspension  of  cultivated  yeasts  the  en- 

suing larvae  bo  reinfected  with  symbionts.     "Sterilized"  larvae  of  Lasiodcrma 

or  Stegobium  nuild  be  reinfected  with  symbionts  by  adding  to  the  flour,  which  was 
otherwise  sterile,  cue  of  the  following: 

1.  Culture  of  cultivated  yeast  (done  only  with  Lasiodcrma  yeasts)  ; 

2.  0. 1  s  of  normal  insects  in  2  g.  of  flour ; 

3.  flour  fnmi  a  culture  of  normal  insects. 

larvae  of  Lasiodcrma  on  a  diet  containing  cultivated  Lasiodcrma  yeast 
readilv  became  infected.  Food  which  contained  faeces  of  normal  larvae  did  not 
affect  all  sterilized  larvae,  but,  after  two  months,  some  individuals  of  Lasiodcrma 
and  Stegobium  were  found  to  contain  symbionts  in  their  mycetoms.  Flour  on 
which  normal  insects  had  been  feeding  previously  had  no  effect  on  the  sterility  of 
the  mycetoms  of  either  Lasiodcrma  or  Stegobium.  This  can  be  explained  by  the 
much  smaller  amount  of  faeces  present  in  this  sample  than  the  one  where  faeces 
had  been  added. 

It  was,  therefore,  concluded  that  larvae  are  readily  infested  by  way  of  mouth,  by 
admixing  a  culture  of  the  symbiotic  yeasts  to  the  food.  This  method  could  only  be 
used  with  Lasiodcrma  and  not  with  Stegobium  whose  symbionts  did  not  grow 
sufficiently  well  in  culture.  Sterilized  Stegobium  larvae  could,  however,  be  readily 
infested  with  the  cultivated  yeast  of  Lasiodcrma.  The  yeasts  in  the  mycetoms  re- 
tained the  characteristic  shape  of  Lasiodcrma  symbionts.  Cultures  were  success- 
fully obtained  from  Lasiodcrma  yeasts  grown  in  Stegobium  mycetoms  under  cir- 
cumstances which  failed  to  produce  Stegobium  symbionts.  The  adults  of  Steg- 
obium with  Lasiodcrma  yeast  produced  a  generation  which  contained  the  typical 
Lasiodcrma  yeast,  and  this  could  be  observed  through  several  generations. 

Stegobium  symbionts  could  be  "inoculated"  into  Lasiodcrma  by  smearing  cul- 
tures of  them  on  to  sterilized  Lasiodcrma  eggs.  The  mycetoms  became  rilled  with 
yeast  of  the  typical  shape  of  Stegobium  symbionts.  The  mycetomic  tissues  of  such 
larvae  of  Lasiodcrma  were  inoculated  into  Hansen's  medium  and  the  growth  was 
found  to  be  poor,  analogous  to  the  growth  of  the  normal  Stegobium  symbionts. 

•/.  Physiology  of  Lasiodcrma  and  Stegobium  symbionts  in  their  normal  host 

Larvae  of  Lasiodcrma  were  grown  in  the  presence  and  absence  of  the  normal 
symbionts  on  artificial  diets  which  contained  either  the  full  vitamin  complement, 
or  were  lacking  in  one  of  the  vitamins.     The  tests  were  performed  in  two  series, 
one  in  which  the  diet  contained  the  water-insoluble  fraction  of  yeast    ('which  con- 
tains biotin).  and  one  in  which  this  was  replaced  by  biotin.     The  results  of  the 
two  tests  were  essentially  identical.     The  normal   larvae  grew   relatively   well   in 
vhich   did  not  contain   riboflavin,   inositol.   choline   chloride,   nicotinic   acid, 
ithenic  acid  or  folic  acid.     Diets  without  pyridoxin  or  thiamin  were  slightly 
ilthough  the  majority  of  the  larvae  reached  the  adult  stage.     In  the  ab- 
iluble  yeast  or  biotin,  growth  was  very  slow  and  the  mortality  high. 
!'d  larvae  grew  well  in  the  absence  of  inositol,  very  poorly  in  the  ab- 
thiamin,  folic  acid  or  biotin   (or  insoluble  yeast)    and  entirely  failed  to 
grov,  ence  of  riboflavin,  nicotinic  acid,  pyridoxin,  pantothenic  acid  and 

choliiM    •    'londe  (Fig.  6). 
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When  sterilized  larvae  had  been  reinfested  with  their  own  yeast  by  feeding 
them  on  yeast  cultures,  they  grew  about  as  well  in  the  absence  of  single  vitamins  as 
did  normal  larvae.  This  clearly  indicates  that  growing  the  yeast  cells  in  pure  cul- 
ture did  not  change  them  physiologically. 

A  comparison  was  also  made  between  growth  of  Stegobiuvn  in  the  presence  and 
absence  of  the  symbionts  on  diets  which  contained  either  the  full  vitamin  comple- 
ment, or  had  a  single  vitamin  omitted.  With  the  symbionts  present  the  larvae  grew 
very  well  in  the  absence  of  inositol ;  omission  of  pyridoxin,  riboflavin,  nicotinic 
acid,  folic  acid  or  pantothenic  acid  delayed  growth  very  slightly,  but  little  or  no 
growth  took  place  in  the  absence  of  biotin  or  thiamin  respectively.  With  the  sym- 
bionts absent,  no  growth  occurred  in  the  absence  of  thiamin,  riboflavin,  nicotinic 
acid,  pyridoxin,  pantothenic  acid,  biotin  or  folic  acid.  Growth  was  markedly  de- 
layed in  the  absence  of  choline  chloride  and  unaffected  in  the  absence  of  inositol 
(Fig.  7). 

In  general,  the  effect  of  symbionts  in  diets  lacking  in  certain  vitamins  was  simi- 
lar in  Lasiodcnna  and  Stegobium.  Certain  differences  which  emerged  from  these 
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FIGURE  7.  Growth  of  the  larvae  of  Stegobium  paniccum  in  the  presence  and  absence  of 
certain  vitamins  of  the  B-complex.  A.  Normal  larvae.  B.  Larvae  without  symbionts.  C.  Lar- 
vae which  contain  the  symbionts  of  Lasioderma. 
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tests  appear  to  be  ;ected  rather  with  the  requirements  of  the  insects  than  the 
properties  of  symbionts.  The  normal  Lasioderma  grew  slowly  in  the  absence  of 
thiamin,  but  so  als<  did  the  larva  after  removal  of  the  symbionts.  Neither  the  nor- 
mal nor  sterilized  Slegobium  grew  in  the  absence  of  thiamin.  It  seems,  therefore, 
that  neither  derma  nor  Stegobium  symbionts  supply  sufficient  quantities  of 

thiamin.  ilized   Lasiodcrma   failed   to   grow   in   the   absence   of   choline 

chloride,  choline  was  not  required  by  the  sterilized  Stegobium. 

5.  The  effect  of  the  symbionts  of  Lasioderma  and  Stegobium  in  the  abnormal  host 

Sterilized  Lasiodcrma  was  infected  with  the  symbionts  of  Stegobium  by  the 
method  of  smearing  a  culture  of  Stegobium  yeasts  on  the  sterilized  eggs.  The  re- 
sulting  larvae  were  then  submitted  to  the  series  of  diets,  which  were  lacking  in 
certain  factors,  as  has  been  described  before.  Growth  of  these  larvae  was  better 
than  that  of  sterilized  larvae  but  inferior  to  that  of  normal  larvae  (Fig.  6).  In 
most  instances  growth  was  delayed  and  the  mortality  increased.  However,  in 
only  one  case,  in  the  absence  of  pyridoxin,  did  the  Lasiodcrma  larvae  with  Steg- 
obium symbionts  entirely  fail  to  develop.  In  the  converse  experiment  cultivated 
yeast  of  Lasioderma  was  mixed  with  the  food  on  which  sterilized  Stegobium  larvae 
were  maintained.  The  offspring  of  these  larvae  were  submitted  to  the  tests  de- 
scribed above.  Stegobium  larvae  with  Lasiodcrma  yeasts  grew  about  as  well  as  in 
the  presence  of  their  own  yeasts  in  the  case  of  most  individual  vitamin  deficiencies, 
and  even  better  in  the  absence  of  thiamin  (Fig.  7). 

6.  Comparison  between  the  effect  of  dried  brewers  yeast  and  that  of  cultivated 
Lasioderma  symbionts 

Lasioderma  yeasts  were  cultivated  on  an  agar  medium  and  the  yeast  cells  then 
carefully  separated  from  the  medium  and  dried;  2.5%  of  dried  symbiotic  yeasts 
were  then  added  to  the  basic  diet,  which  did  not  contain  vitamins,  and  their  effect 
compared  with  that  of  2.5%  of  dried  brewers  yeast.  Both  normal  and  sterilized 
larvae  grew  equally  well  on  either  diet  (Fig.  8).  This  result  was  in  agreement 
with  the  tests  previously  reported.  Lasioderma,  owing  to  its  symbiotic  relation- 
ship with  yeast,  does  not  need  vitamins  like  other  insects.  The  reason  why  the 
normal  Lasioderma  did  not  grow  optimally  in  the  absence  of  pyridoxin  or  thiamin, 
while  sterilized  Lasioderma  did  so  in  the  presence  of  Lasioderma  yeast  in  the  diet, 
ran  be  attribute*  1  to  the  far  larger  amounts  of  symbiotic  yeast  present  in  the  latter 
case. 

7 '.  The  symbionts  as  a  source  of  stcrols 

I'.y  analogy  with  other  insects,  Lasioderma  and  Stegobium  were  expected  to  re- 

quire  a  dietary  source  of  a  sterol  and  it  was  of  interest  to  find  out  whether  the  sym- 

,  in  addition  to  vitamins  of  the  B-complex,  also  supplied  sterols.     When  cho- 

omitted  from  the  basic  diet  of  Lasioderma,  growth  of  normal  larvae 

ed.      Sterilized  larvae,  on  the  other  hand,  grew  slowly  and  with  high 

mortality  in  the  absence  of  cholesterol.     When  cholesterol  was  added  the  efficiency 

of  the  ,,i  ,ma.  restored   (Fig.  9).     It  is  evident  that  a  sterol  deficiency 

do<      not  :        •  as  long  as  symbionts  are  present  in  the  insect.     In  another  test  the 
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FIGURE  8.  Growth  of  normal  and  symbiont-free  larvae  of  Lasioderma  in  the  presence  of 
dried  symbionts  or  dried  yeast  as  sources  of  vitamins.  L.Y.  —  Dried  Lasioderma  yeast.  Br. 
Yeast  =  Dried  brewers  yeast. 

FIGURE  9.  Growth  of  normal  and  symbiont-free  larvae  of  Lasioderma  in  the  presence  and 
absence  of  cholesterol. 

FIGURE  10.  Growth  of  normal  and  symbiont-free  larvae  of  Stegobium  in  the  presence  and 
absence  of  cholesterol. 
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presence  of  tin-  bl<    yeast  fraction  in  the  diet  resulted  in  normal  growth  in 

normal  and  sterilized  larvae  alike,  in  the  absence  of  cholesterol.  This  can  he  at- 
tributed to  tlu1  presence  of  sterols,  largely  ergosterol,  in  the  yeast  fraction. 

Results  re  ;arding  sterol  requirements,  corresponding  to  those  reported  for 
I.asiodcruii!  re  also  obtained  with  Stegobium  (Fig.  10).  Both  normal  and 
sterili/eil  larvae  grew  about  equally  well  in  diets  which  contained  cholesterol. 
\Yitho;i!  >trrol  there  was  a  marked  difference  in  both  types  of  larvae.  Normal 

larvae  grew  rapidly,  though  there  was  a  high  mortality,  but  there  was  little  growth 
in  the  >terilized  larvae.  It  seems  that  the  symbionts  of  Lasioderma  supply  more 
cholesterol  than  those  of  Stegobium,  also  that  the  absence  of  sterol  from  the  diet  is 
more  critical  for  Stegobium  than  Lasioderma. 

DISCUSSION 

The  results  of  the  present  investigation  restate  and  largely  confirm  the  conclu- 
sions drawn  in  an  earlier  investigation  (Blewett  and  Fraenkel,  1944),  that  the  in- 
tracellular  symbionts  of  Lasioderma  and  Stegobium  have  a  nutritional  effect  similar 
to  that  of  yeast  in  a  synthetic  diet,  namely  to  supply  vitamins  of  the  B-complex. 
They  go  beyond  the  earlier  results  in  that  folic  acid  and  biotin  have  been  added  to 
the  list  of  individual  vitamins  tested.  Folic  acid,  like  many  of  the  other  vitamins, 
does  not  seem  to  be  necessary  in  the  diet  when  the  larvae  have  their  ordinary  com- 
plement of  symbionts,  but  becomes  a  critical  requirement  in  the  absence  of  the  sym- 
bionts. With  biotin  the  results  were  not  quite  conclusive.  Neither  Lasioderma 
nor  Stegobium  larvae  grow  well  in  the  absence  of  biotin,  even  in  the  presence  of 
symbionts.  while  without  symbionts,  the  Lasioderma  larvae  gave  about  the  same 
growth  pattern  and  the  Stegobium  larvae  entirely  failed  to  grow.  There  were 
some  minor  discrepancies  between  the  present  and  earlier  investigation  which  might 
be  due  to  a  variety  of  factors,  such  as  differences  in  the  basic  diet  (addition  of 
biotin  and  folic  acid),  the  casein,  and  the  environmental  factors,  or  the  insect  stock. 
In  the  earlier  investigation,  but  not  in  the  present  one,  choline  was  a  critical  re- 
quirement for  the  normal  Lasioderma  larva.  On  the  former  occasion  choline 
chloride  was  a  critical  requirement  for  the  sterilized  Stegobium  larva,  while  now 
the  presence  or  absence  of  choline  had  little  effect  on  both  the  normal  and  sterilized 
larva. 

Results  on  the  vitamin  requirements  of  the  Stegobium  larva,  which  agree  well 
with  those  given  earlier  by  Blewett  and  Fraenkel  (19-14)  and  again  in  this  publi- 
cation, were  recently  reported  by  Lemonde  and  Bernard  (1953),  who  succeeded 
in  growing  them  on  a  diet  which  contained  only  two  B-vitaniins.  thiamin  and  biotin. 
The  larvae  grew  noticeably  slower  than  on  wheat  flour;  however,  no  improvement 
could  be  achieved  by  the  addition  of  riboflavin,  nicotinic  acid,  pantothenic  acid, 
choline  chloride  or  folic  acid. 

Tn  general,  the  impression  has  been  obtained  that  the  symbiotic  yeasts  of  Lasio- 

.hibit  a  greater  efficiency  of  action  than  those  of  Stegobium.     Lasioderma 

in  the  Stegobium  host  have  about  the  same  effect  as,  and  with  regard  to 

n'n,  an  even  better  effect  than,  the  Stegobium  yeasts.     Stegobium  yeasts  are 

(Ticieiit   in   Lasioderma  than  the  normal  symbiont.     This  could  be,  however, 

attrib       1  to  the  same  unexplained  phenomenon  that  Lasioderma  yeasts  are  easier 

to  culture      inn  Slcgobium  yeasts.     All  these  phenomena  can   be  reduced  to  one 
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common  factor,  namely  the  greater  synthetic  faculties  of  Lasioderma  yeast.  It 
would  be  interesting  to  compare  vitamin  contents  of  the  two  species  of  yeast,  and 
also  with  those  of  known  varieties  of  bakers  or  brewers  yeast. 

Finally  the  question  remains  to  be  discussed  as  to  how  the  intracellular  sym- 
bionts  exert  their  nutritional  effect.  It  has  been  reported  earlier  that  toward  the 
end  of  larval  life,  in  the  prepupa,  the  mycetoms  gradually  are  reduced  in  size. 
Breitsprecher  (1928)  described  that  during  this  period  large  masses  of  yeasts,  even 
whole  mycetocytes,  enter  the  lumen  of  the  intestine  and  are  eliminated  with  the 
faeces  without  digestion  taking  place.  In  our  experience,  yeast  cells  are  liberated 
from  the  mycetoms  all  through  the  growing  period  of  the  larva,  and  only  relatively 
few  of  these  cells  are  found  in  the  faeces  (Fig.  2).  It  is  therefore  possible  that  the 
host  acquires  vitamins  by  digesting  the  symbionts.  The  alternative,  difficult  to 
prove,  would  be  a  diffusion  of  vitamins  from  the  symbionts  into  the  cytoplasm  of 
the  mycetocytes  and  hence  to  the  hemolymph  of  the  host.  This  process  would 
differ  little  from  the  well  known  phenomenon  of  an  enrichment  of  any  microbial 
culture  medium  by  the  synthesis  in,  and  diffusion  from,  the  cultured  microbe. 
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SUMMARY 

1.  The  shape  and  appearance  of  the  yeast-like  symbionts  of  Lasioderma  scrri- 
corne  F.  and  Stcgobiitni  paniceum  L.  have  been  described.     The  symbionts  have 
been  cultured  in  Hansen's  solutions  and  on  an  agar  medium. 

2.  The  larvae  of  both  species  are  relatively  little  affected  by  the  absence  of  cer- 
tain vitamins  of  the  B-complex.     After  elimination  of  the  symbionts  these  vitamins 
become  absolutely  necessary. 

3.  Sterilized  larvae  of  either  species  have  been  successfully  re-infected  with  the 
symbionts  of  the  other  host,  which  then  retain  their  peculiar  shape  and  mode  of 
action. 

4.  Cultured  symbionts  exert  the  same  growth  promoting  effect  as  dried  brewers 
yeast  when  added  to  the  food. 

5.  The  symbionts  are  also  sources  of  sterols  for  their  hosts. 
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Since  the  summer  of  1949,  the  author  has  become  deeply  interested  in  the  physi- 
ology of  molting  and  growth  in  the  Bermuda  spiny  lobster,  Pamt  lints  arf/its  La- 
treille.  Investigations  have  been  concerned  with  normal  morphological  and  physio- 
logical changes  related  to  molting  and  growth  in  this  animal.  Interest  has  centered 
around  the  changes  which  occur  in  the  skeleton,  tissues,  blood,  and  urine  of  normal 
animals  during  the  molting  cycle. 

The  present  paper,  the  first  of  a  series,  is  concerned  with  the  spectacular  process 
of  molting,  the  mechanics  by  which  it  is  achieved,  some  physical  factors  influencing 
molting  and  growth,  and  growth  determined  by  weight  and  length  in  laboratory- 
maintained  spiny  lobsters. 

MATERIALS  AND  METHODS 

Male  and  female  spiny  lobsters,  ranging  in  carapace  length  from  20-92  mm.. 
were  generously  supplied  by  the  Bermuda  Biological  Station  and  Dr.  W.  H.  Sut- 
cliffe,  who  furnished  the  author  with  all  immature  forms  from  his  catches  of  1952. 
Only  twenty-seven  of  approximately  500  animals  supplied  were  of  the  carapace 
length  range  of  90-92  mm.  These  animals  were  included  in  the  data  for  Figure  11. 
No  further  use  was  made  of  these  animals  following  the  first  laboratory  molt  be- 
cause Sutcliffe  (1952,  1953)  has  pointed  out  that  sexual  maturity  in  females  is  at- 
tained some  time  after  the  carapace  length  reaches  90  mm.  Information  was  almost 
exclusively  limited,  therefore,  to  animals  of  20-89  mm.  carapace  length.  All  ani- 
mals, when  brought  into  the  laboratory,  were  numbered  with  a  lead  or  plastic  tag, 
wired  to  the  base  of  an  antenna.  Their  number,  sex,  weight  and  carapace  length 
were  recorded.  The  animals  were  then  placed  in  concrete  tanks  of  running  sea 
water  (22'  X  3'  X  l1/^')-  By  partitioning  portions  of  the  sea  water  tanks  with  plas- 
tic screens,  premolt  animals  could  be  isolated  from  the  others.  At  the  time  of  eccly- 
sis  animals  were  placed  in  individual  aquaria  or  in  partitioned  portions  of  the  tanks. 
Following  ecdysis,  animals  were  allowed  to  harden  before  being  placed  in  partitioned 

1  This  work  was  supported  in  part  by  an  Atomic  Energy  Commission  Postdoctoral  Fellow- 
ship from  the  University  Relations  Division,  Oak  Ridge  Institute  of  Nuclear  Studies.  The 
author  wishes  to  express  her  sincere  appreciation  to  Dr.  John  H.  \\Yl>h,  Dr.  Emery  F.  Swan, 
Dr.  W.  H.  Sutcliffe,  and  Dr.  E.  E.  Mortensen  for  the  many  helpful  criticisms  and  suggestions 
they  have  made  regarding  this  manuscript. 

-Present  address:  Department  of  Zoology,  University  of  Xe\v  Hampshire,  Durham,  Xe\v 
Hampshire. 
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portions  of  tanks  in  different  size  groups.  The  laboratory  history  of  each  animal 
was  followed  closely  throughout  the  period  of  observation  by  the  method  described. 
The  method  of  <U  .-Mgnating  stages  in  the  molting  cycle  by  letters  A,  B,  C,  D  (Drach, 
1939),  as  well  a*  the  method  by  which  the  molting  cycle  is  divided  into  stages  by 
daily  intervals,  was  used. 

The  weights  of  animals  throughout  the  molting  cycle  were  obtained  by  carefully 
placing  them  on  paper  towels  and  drying  them  as  thoroughly  as  possible.  The 
animal-  were  then  rolled  in  a  piece  of  nylon  screen  which  restricted  their  move- 
ments \vliile  Itcing  weighed  on  a  triple  beam  balance,  accurate  to  0.3  gm. 

I. myth  measurements  were  made  with  a  vernier  caliper  from  the  mid-dorsal 
anterior  point  between  the  two  rostral  spines  to  the  most  posterior  mid-dorsal 
point  of  the  carapace. 

In  all  cases  where  the  standard  error  of  the  arithmetical  mean  was  calculated, 
the  method  of  Fisher  (1948)  for  small  samples  was  used. 

With  few  exceptions,  all  animals  were  fed  every  other  day.  Their  laboratory 
diet  consisted  of  fish  fry,  anchovies,  small  pieces  of  larger  fish,  molluscs,  and  ground 
beef  when  the  bait  supply  became  low  during  the  winter  months. 


The  shed  (A)  and  hard  carapace  (B)  of  Panulirus  ar</us.     In  the  exuvium,  the 

rdysal  line  (1)  and  the  area  ventral  to  this,  in  which  somewhat  less  resorption  oc- 

1  ni  1  !„•  noted.     Neither  the  ecdysial  line  nor  the  softened  area  ventral  to  the  line  will 

hard  carapace,  which  was  removed  from  an  animal  in  Statue  C  of  the  molting 
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In  Paniilirus  argns,  a  premolt  animal  can  easily  be  detected  by  the  appearance 
of  a  resorptive  or  ecdysial  line  along  the  branchiostegites  (Fig.  1).  This  line  be- 
comes clearly  evident  3-4  days  preceding  ecdysis  in  the  summer  months.  Beneath 
this  resorptive  line  appreciable  softening  (20'.;  resorption — Travis,  195la)  of  the 
whole  ventral  area  occurs.  Premolt  animals  can  thus  be  detected  by  feeling  this 
softened  area  even  before  the  resorptive  or  ecdysial  line  is  clearly  evident.  In  the 
winter  months,  premolt  animals  can  be  detected  by  touch  as  early  as  14-21  days 
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FIGURE  2A.  The  per  cent  weight  change  during  the  normal  molting  cycle  of  Panulirus 
argus.  The  number  of  animals  used  per  point  on  the  graph  is  indicated  along  the  top  ordinate. 
All  points  represent  the  mean  arithmetical  values  obtained  from  the  number  of  animals  specified. 
The  vertical  lines  represent  plus  or  minus  the  standard  error  of  the  mean.  The  solid  horizontal 
line  marked  by  (o)  on  the  graph,  represents  the  base  weight  (intermolt  weight)  upon  which 
per  cent  changes  were  calculated.  Dashes  above  and  below  the  solid  horizontal  line  represent 
the  standard  daily  variation  in  weight  of  24  animals.  This  daily  variation  was  observed  over  a 
7-day  interval  during  the  intermolt  period,  a  time  at  which  the  weight  of  the  animals  is  stable. 
The  vertical  line  at  the  bottom  of  the  graph  separates  the  premolt  and  postmolt  period.  The 
bottom  ordinate  represents  the  time  in  days  preceding  and  following  molting.  The  solid  hori- 
zontal lines  parallel  to  the  bottom  ordinate  and  broken  by  the  letters  D,  A,  B,  and  C  designate 
the  four  major  stages  in  the  molting  cycle  as  utilized  by  Drach,  1939. 
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preceding  ecdy>i>.  Tlic  lengthening  of  the  premolt  period  is  brought  about  by 
lower  winter  temperatures,  which  markedly  slow  down  physiological  activities  as- 
sociated with  the  molting  process. 

One  of  the  anifest  external  changes  noted  a  few  hours  before  ecdysis  in 

I \i)uilints  i  vollen  condition  of  the  intersegmental  membranes  separating  the 

cephalotln  and  abdomen.     Due  to  resorption  from  the  resorptive  or  ecdysial 

liiH-.  along  the  branchiostegites,  and  resorption  from  an  articulating  condyle  con- 
iH-cti:          '  branchial  chamber  to  the  posterior  edge  of  the  branchiostegites,  lateral 
if  the  soft  body  beneath  the  old  skeleton  is  allowed.     Such  swelling  and 
lateral  <  xpansion  of  the  thorax  immediately  preceding  ecdysis  were  first  thought 

TABLE  I 

'/'hi-  />e>  cent  water  absorbed  and  per  cent  weight  increases  preceding  molting.      ]'al/ics  are  bused  mi 
nor  nut!  changes  in  weights  associated  u'itli  ecdysis  in  Panulirus  argus.      The  abbreviations  of 

Guysehnan  (1953)  are  used  in  this  table 


X  umber 
of 

Weight  in 

grams 

E  as 

m 

Ws  as 

i  ' 

W,  as 

animals 
used 

I 

Wi 

E 

Ei 

\V2 

W3 

of  Wi 

c 

of  I 

..f  I 

3 

519.2-539  4 

571.7-596  4 

92.7-124  0 

50  5-55  8 

SI  1  ?-S44  0 

40  ?-70  0 

15  6-'  1  7 

7  5    13  5 

10  1-11  fi 

Avg. 

528.5 

5S4.4 

111.9 

53.0 

524.1 

5  1  .') 

19.2 

9.8 

10.9 

3 

623.3-668.9 

663.5-730.1 

103.3-140.5 

56.0-65.2 

620.0-663.5 

30.8-73.9 

15.6-19.2 

4.7-11.0 

6.5-9.3 

Avg. 

647.9 

701.2 

124.5 

60.6 

636.5 

56.9 

17.6 

8.8 

8.3 

I  :=  Wet  weights  of  intermolt  animals 
\\  i     =  Wet  weights  of  animals  15  minutes  preceding  moll 
K   ==  \Yet  weights  of  exuviae 
Ei  ==  Dry  weights  of  exuviae 

\\'o  ==  Wet  weights  of  animals  15  minutes  following  molt 
\Yr.  ==  W«  —  (\Yi  —  E)  ==  Weight  of  water  absorbed  in  a  period  taken  between  15  minutes  pre- 

ceding to  15  minutes  following  molt 
K  a>  '  ,  of  Wi  =:  The  weight  of  the  exuviae,  expressed  as  per  cent  of  the  total  premolt  wet  weight 

of  the  animals 
\\     .is  %  of  I  =  :  The  weight  of  the  water  absorbed  expressed  as  percentage  of  the  previous  inter- 

molt  wet  weight 
\\  i  as  '  i  of  I  =  ••  Total  premolt  weight  increase  expressed  as  per  cent  of  the  previous  intermolt  wet 

weight 

to  be  entirely  due  to  the  absorption  of  water.  This  has  not  proved  to  be  the  case 
and  will  be  discussed  in  a  subsequent  section  of  this  paper.  In  a  search  for  the 
causal  mechanisms  immediately  involved  in  molting,  a  number  of  factors  were  con- 
sidered. These  were  weight  changes,  water  uptake,  and  possible  structures  in- 
volved in  water  retention. 


//  V  ////;/ 

'iinnlints,  marked  changes  in  body  weight  are  observed  immediately  pre- 

sis  and  for  a  four-week  period  following  it.      These  wet  weight  changes, 

per  cent  of  the  previous  intermolt  weights,  were  followed  throughout 

:nolting  cycle  of  the  spiny  lobster  and  are  shown  in  Figure  2A.      It  will 

1  in  the  SO  SO  mm.  carapace  length  animals,  represented  in  this  graph, 

•••  in  weight  is  noted  in  the  pre-ecdysial  period  until  the  day  pre- 

('('(''  At  this  time,  the  first   significant   weight  increase  is  observed  a 


MOLTING  AND  GROWTH    IN   LOBSTERS 


437 


PERCENT  WATER  IN  PANULIRUS  ARGUS  DURING  THE    NORMAL  MOLTING  CYCLE 
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FIGURE  2B.  Changes  in  water  content  of  Panulinis  art/us  during  the  normal  molting  cycle. 
Dashes  above  and  below  the  horizontal  line  indicate  plus  or  minus  variations  from  the  intermolt 
mean. 

few  hours  preceding  molting.  The  weight  of  the  animals  continues  to  increase  to 
a  peak  premolt  value  of  around  10%.  This  peak  premolt  value  is  attained  5  to  15 
minutes  preceding  ecdysis.  The  marked  increase  in  weight  attained  at  this  time  is 
primarily  the  result  of  water  absorbed. 

During  the  early  post-ecdysial  period  (15  minutes  i  a  striking  weight  loss  is 
observed.  This  weight  loss  of  almost  16%  is  primarily  due  to  the  loss  of  the  old 
exuviae,  which  constitute  from  15.6  to  21.7/f  of  the  total  premolt  wet  weight  of 
the  animal  (Table  I).  Within  4  to  6  hours,  however,  the  weight  begins  to  rise. 
This  continues  at  a  rather  steady  pace,  reaches  the  intermolt  value  two  to  four  days 
following  molt,  significantly  rises  above  this  level  at  eight  days,  tends  to  level  off 
and  reaches  the  new  intermolt  value  between  28  and  35  days. 

Water  uptake 

It  was  mentioned  earlier  that  the  peak  premolt  weight  increase  of  \Qc/o  was  the 
result  primarily  of  water  absorbed.  This  is  indicated  in  Table  I.  Here  the  weight 
of  the  water  absorbed  preceding  molt  is  determined  (  I  )rach,  1939;  Guyselman, 
1953)  and  expressed  as  per  cent  of  the  previous  intermolt  wet  weight.  The  pre- 
molt weight  increase,  expressed  as  per  cent  of  the  previous  intermolt  wet  weight 
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determined  as  indicated  in  the  previous  section,  is  also  listed.  The  weight  of  water 
ah-orhed  and  the  total  premolt  weight  increase,  both  obtained  by  two  different  pro- 
cednres  (  Table  I  .  compare  favorably.  Weight  increases  preceding  molting,  there- 
fore, arc  entirel)  due  to  water  absorbed.  This  is  evident  both  in  animals  within  the 
500  gram  range  and  those  in  the  600  gram  range. 

ll'atcr  conScnt 

The  water  content  of  the  animals,  expressed  as  per  cent,  was  determined  from 
the  wet  and  dry  weights  of  individuals  sacrificed  at  various  intervals  throughout 
the  molting  cycle.  It  will  be  observed  (Fig.  2B)  that  the  water  content  of  an  in- 
terim >1;  animal  ( late  stage  C)  is  71.0%.  The  water  content  of  Pannlirns  begins  to 
ase  the  day  preceding  molt  (74.7%),  rises  to  81.3%  fifteen  minutes  preceding 
molt,  and  reaches  a  peak  value  of  82.4%  one  day  following  molt,  11.4','  above  the 
intermolt  value  of  71.0%.  It  should  be  pointed  out  here  that  the  increase  in  water 
content  of  individuals  sacrificed  15-30  minutes  preceding  molt  (Fig.  2B)  is  in 
agreement  with  the  weight  increase  observed  in  Figure  2A  and  the  calculated  per 
cent  water  absorbed  in  this  same  period  (Table  I).  Since  presumably  all  mineral 
and  organic  resorption  is  completed  in  the  old  skeleton  at  15-30  minutes  preceding 
ecdysis,  the  wet  and  dry  weights  of  these  skeletons  must  be  subtracted  from  the 
total  wet  and  dry  weights  of  the  animals  with  their  old  skeletons,  to  obtain  the  true 
water  content  of  the  animals  alone.  If  this  is  not  done  the  weight  increase  of  10% 
is  observed  (Fig.  2A)  with  no  rise  of  corresponding  magnitude  in  water  content, 
which  is  represented  in  Figure  2B.  Because  all  animals  used  in  Figure  2B  were 
sacrificed  for  dry  weight  determinations,  the  average  per  cent  of  the  total  weights 
of  the  animals  due  to  exuviae,  both  wet  and  dry  weights,  was  calculated  from  values 
given  in  Table  I.  These  values  were  then  applied  to  the  two  animals  sacrificed 
15-30  minutes  preceding  molt  (Fig.  2B)  to  obtain  the  presumed  wet  and  dry 
weights  of  the  old  skeleton  of  these  animals.  The  water  content  of  these  animals, 
without  their  old  skeletons,  was  then  calculated.  From  three  days  following  molt 
the  water  content  slowly  declines,  but  does  not  return  to  its  intermolt  range  of 
71.0%  before  21  to  28  days.  It  might  be  mentioned  that  at  28  days  the  animals 
have  fullv  calcified  their  new  skeletons  (the  principal  layer  and  the  membranous 
layer  are  fully  formed),  weight  stability  is  reached,  and  apparently  all  growth  of 
soft  tissues  is  completed.  It  would  appear  from  Figure  2B  that  water  absorption 
is  not  completed  for  at  least  two  weeks  following  molting.  This  is  perhaps  a  false 
impression  one  might  obtain  at  first  observation.  Although  the  water  content  is 
above  the  late  Stage  C  value,  it  must  be  remembered  that  growing  tissue  is- gradually 
replacing  water  absorbed  at  and  following  molt.  Water  absorption  in  Pannlinis  is 
probably  completed  the  day  following  molt.  This  is  in  agreement  with  the  situation 
observed  in  Muia  sijuhnnlti,  Carciniilcs  inacnas,  and  Cancer  pat/urns  (Drach,  1939) 

diich  water  absorption  apparently  is  completed  within  (>  to  12  hours  or  less 
following  molt. 

\IS.MS    I  XVOI.V K|>   IN    SWKLI.IXC    AM)   LATERAL   EXPANSION    OK    THE 
TlIOKAX    I.M  MKIHATKLY    I  'K  KCKD1  N(  1    FcDVSIS 

•  animaK  increase  their  body  weight  approximately  10';    before  molting 
an('  ;  increase  is  entirely  accounted  for  by  uptake  of  water,  the  question 
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arises  as  to  how  this  water  enters  the  organism.  Two  possible  structures  which 
might  be  involved  in  water  retention  were  studied  with  the  idea  of  obtaining  evi- 
dence of  the  cause  of  the  greatly  expanded  and  swollen  thorax,  which  results  ulti- 
mately in  the  lifting  of  the  exuviae  at  ecdysis.  The  major  structures  considered 
were  the  membranous  layer  of  the  old  skeleton  and  the  stomach. 

The  membranous  lavcr 

The  homogenous  non-laminated  layer  which  is  attached  to  the  inside  of  the 
exuviae,  observed  by  Vitzou  (1882),  Herrick  (1895),  Yonge  (1932).  and  called 
the  membranous  layer  by  Drach  (1939 ),  was  investigated  as  a  possible  site  of  water 
retention.  It  might  be  added  that  this  layer  holds  large  amounts  of  water  after  the 
exoskeleton  is  shed  and  appears  to  swell  because  of  water  absorption  from  the 
medium.  Weight  changes  were  followed  in  two  premolt  animals.  From  one  ani- 
mal (A)  the  membranous  layer  was  removed  at  one  day  preceding  molt,  at  which 
time  no  marked  change  in  body  weight  had  occurred,  while  in  the  other  (  R  )  the 
membranous  layer  was  removed  when  the  animal  had  increased  its  body  weight 
8%  preceding  molt.  Wet  and  dry  weights  of  pieces  of  this  layer  (as  close  to 
2  cm'-',  in  size  as  possible)  were  obtained  and  per  cent  water  in  each  piece  com- 
pared. A  difference  in  water  content  of  the  two  pieces  might  indicate  whether  this 
structure  is  involved  in  water  retention.  It  was  found,  however,  that  the  water 
content  in  (A)  was  not  appreciably  different  from  that  of  (B).  Therefore  the 
idea  that  water  retention  by  the  membranous  layer  may  contribute  to  weight 
changes  preceding  molt  was  abandoned. 

77/r  stomach 

The  stomach  was  then  considered  as  a  site  for  water  uptake  and  retention  pre- 
ceding molt.  Drach  (1939)  demonstrated  in  crabs  that  absorption  of  water  during 
the  course  of  shedding  and  shortly  following  occurs  primarily  through  the  gut. 
The  stomach  becomes  turgid  and  greatly  swollen  during  this  period  and  in  Pann- 
lints  swells  to  the  extent  that  it  occupies  over  half  of  the  cephalothorax.  This 
would  cause  pressure  to  be  exerted  on  the  surrounding  regions  and  is,  in  all  prob- 
ability, the  actual  cause  of  swelling  and  lateral  expansion  of  the  thorax.  Drach 
(193('>)  attributed  the  turgidity  and  swelling  of  the  stomach  in  Met  hi  s<]ithm<io  and 
Cancer  pcnjunis  to  the  water  held  in  the  stomach  and  digestive  tube  during  shed- 
ding. He  was  able  to  remove  a  considerable  quantity  of  water  from  the  stomach 
of  these  animals,  shortly  preceding  ecdysis,  and  within  a  short  interval  removal  of 
a  large  quantity  was  again  possible.  In  an  attempt  to  withdraw  water  from  the 
stomach  of  Paiuilinis,  10  premolting  animals  were  selected.  As  the  animals  in- 
creased their  weights  preceding  ecdysis,  attempted  withdrawal  of  water  from  the 
stomach,  by  inserting  a  cannula  into  the  stomach  via  the  esophagus,  proved  fruit- 
less. Even  when  the  increase  in  body  weight  had  reached  8%  a  few  minutes  pre- 
ceding ecdysis,  little  water  could  be  withdrawn.  No  more  than  0.5  cc.  could  ever 
be  withdrawn.  In  three  cases,  animals  were  weighed  until  the  body  weight  in- 
creased by  8-1 Orf  and  then  sacrificed.  The  old  and  new  skeleton  overlying  the 
stomach  were  removed.  A  syringe  needle  was  inserted  in  the  turgid  stomach  in 
an  attempt  to  withdraw  fluid.  No  fluid  was  present.  (  )n  the  contrary,  it  was 
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KedvM>  iii  Pnniilinis.     The  animal  seeks  out  a  suitable  place  to  shed. 

tail   is  flexed;  the  tlmrax   is  lowered  on  the  substratum  with  antennae  and 
antennu  1  and  extended  to  facilitate  forward  bracing  of  the  animal,  while  the  last  pair 
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found  that  the  turgidity  and  swollen  condition  was  due  to  the  presence  of  gas  of 
unknown  composition  which  appeared  to  be  between  the  old  stomach  lining  and 
the  new.  Following  the  puncture  of  the  new  outer  layer  with  a  syringe  needle  the 
wound  closed  and  the  stomach  again  swelled.  An  incision  in  this  layer  caused 
the  stomach  to  collapse.  The  "balloon"  condition  of  the  new  stomach  causes  the 
new  soft  body  to  expand  in  the  thoracic  region  and  is  without  doubt  the  immediate 
mechanism  which  lifts  the  old  carapace  at  ecdysis.  Such  a  mechanism  would  also 
account  for  the  increase  in  volume  of  the  emerging  animal. 

Water  absorbed  preceding  ecdysis  is  probably  taken  in  primarily  through  the 
gills  and  the  soft  intersegmental  membranes.  It  does  not  appear  to  be  taken  in 
through  the  digestive  tract.  Hydration  of  the  tissues  probably  occurs  during  the 
late  pre-ecdysial  as  well  as  post-ecdysial  period.  This  hydratinn  of  the  tissues  has 
been  indicated  by  Baumberger  and  Olmstead  (1928)  in  Pachycjrapsus  cmssipcs 
and  is  suggested  by  the  recent  work  of  Kincaid  and  Scheer  (1952)  on  Ifciiii(jraf> sits 
u  ud  us.  It  is  pertinent  to  add  that  the  former  workers  showed  that  there  was  a 
rise  in  the  internal  osmotic  pressure  preceding  molt.  This  peak  in  osmotic  pres- 
sure is  presumably  caused  by  an  increase  in  osmotically  active  constituents  (or- 
ganic acids)  which  accumulate  in  the  hemolymph  as  a  result  of  the  breakdown  of 
fats  and  glycogen,  abundant  in  the  hepatopancreas  during  the  premolting  period  of 
all  Crustacea  investigated.  The  increase  in  osmotic  pressure  preceding  molt  would 
therefore  account  for  increased  water  absorption  preceding  and  immediately  follow- 
ing molt.  Increased  water  uptake  causes  the  osmotic  pressure  to  fall  sharply  fol- 
lowing molt  and  to  return  gradually  to  normal  as  the  skeleton  of  the  animal  hardens. 
A  study  of  the  green  glands  during  the  pre-ecdysial  period  should  be  made.  It  is 
quite  possible  that  antidiuresis  might  occur  during  the  few  hours  preceding  ecdysis. 
Such  water  retention  could  also  serve  as  one  of  the  correlatives  contributing  to 
the  marked  increase  in  weight  of  the  animal  during  this  time.  Furthermore,  it  is 

of  walking  legs  is  extended  behind  and  serves  as  the  hind  bracing  elements.  The  old  carapace 
has  begun  to  lift,  making  visible  the  new  skeleton  below  the  old  branchiostegites. 

FIGURE  5.  A  further  stage  during  ecdysis  showing  the  progressive  lifting  of  the  old 
carapace. 

FIGURE  6.  At  this  stage  the  animal  has  raised  the  thorax  off  of  the  substratum  and  the  old 
carapace  has  lifted  about  45°  from  its  original  position. 

FIGURE  7.  At  this  stage  of  ecdysis  the  animal  has  raised  itself  considerably  from  the  sub- 
stratum with  the  tail  gently  flexed.  The  old  carapace  has  lifted  and  has  tilted  at  an  angle  of 
90°  from  its  original  position.  The  thorax  of  the  animal  is  almost  completely  freed,  making 
visible  the  new  eyes  and  rostral  spines.  During  this  stage  of  ecdysis,  the  old  branchial  chamber 
becomes  evident  ventral  to  the  new  branchiostegites.  It  is  interesting  to  note  that  the  abdomen 
begins  to  undergo  contractions  in  a  telescopic  fashion,  i.e.,  segments  begin  to  telescope  and  ex- 
tend. Freeing  of  the  abdomen  occurs  in  this  manner. 

FIGURE  8.  A  further  stage  in  ecdysis.  The  animal  has  raised  itself  considerably  from  the 
substratum  by  arching  its  soft  cephalothorax.  The  old  branchial  chamber  is  almost  compleuly 
freed.  The  new  antennae  are  just  beginning  to  appear  and  two  new  abdominal  segments  are  free. 

FIGURE  9.  In  this  stage  of  ecdysis,  the  animal  has  arched  its  soft  cephalothorax  almost  90° 
from  its  original  position,  three  new  abdominal  segments  are  freed,  the  fourth  beginning  to  ap- 
pear and  the  new  antennae  are  much  more  evident.  The  new  5th  walking  leg  may  be  observed 
between  the  old  gill  chamber,  old  branchiostegites  and  the  new. 

FIGURE  10.  The  last  stage  of  ecdysis,  a  second  or  so  before  the  animal  gives  one  sudden 
flexion  and  extension  of  the  abdomen  freeing  itself  completely  from  the  old  skeleton.  It  will  be 
noted  that  four  new  segments  are  visible,  the  new  proximal  portions  of  the  antennae  and  the  new 
fifth  walking  leg  are  clearly  evident. 
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possible  thai  changes  in  salt  excretion  1>v  the  green  glands  might  also  be  a  factor 
in  raiding  the  osmotic  pressure  prior  to  molting. 

Ecdysis 

All  of  the  changes  observed  in  the  premolt  period  lead  to  shedding  of  the  exo- 
skeleton.  This  is  depicted  in  Figures  3-10.  For  a  period  of  at  least  two  hours 
preceding  ecdvsis,  the  spiny  lobster  undergoes  exercise  movements.  These  include 
Hexing  of  the  abdomen  under  the  thorax  and  bumping  it  along  the  substratum; 
lowering  of  the  thorax  on  the  substratum  while  raising  and  extending  the  abdomen 
rigidl}' ;  lunging  movements  with  sudden  stops.  These  are  all  movements  to  facili- 
tate loosening  of  the  old  skeleton  from  the  new.  Following  such  movements,  the 
animal  seeks  a  suitable  place  to  shed  (Fig.  3).  The  tail  is  then  flexed;  the  thorax 
is  lowered  on  the  substratum  with  antennae  and  antennules  lowered  and  extended  to 
facilitate  forward  bracing  of  the  animal,  while  the  last  pair  of  walking  legs  is  ex- 
tended behind  and  serves  as  the  hind  bracing  elements  (Fig.  4).  In  this  position, 
little  movement  is  observed  other  than  slow  contractions  of  the  soft  body  beneath 
the  old  carapace.  As  these  slow  contractions  occur  the  old  carapace  begins  to  lift 
at  the  intersegmeiital  membrane  between  carapace  and  abdomen,  linking  visible  the 
new  skeleton  below  the  old  branchiostegites  (Figs.  4,  5  I.  It  should  be  pointed  out 
again  that  the  resorptive  or  ecdysial  line  serves  as  a  hinge.  The  resorption  from, 
and  loosening  of,  an  articulating  condyle,  which  attaches  the  branchial  chamber  to 
the  inner  posterior  edge  of  the  branchiostegites.  allow  the  soft  body  to  expand  in 
width  (Figs.  5,  10).  There  is  no  breaking  along  the  resorptive  line  of  Panulirus 
(ii-(/iis  as  Crawford  and  1  )e  Smidt  (1922)  and  Smith  and  ( iatham  (1948)  thought. 
As  the  eyes  are  withdrawn  from  their  old  skeleton,  the  carapace  lifts  considerably 
(  Fig.  7  i.  At  this  time  (Figs.  7,  10)  the  segments  of  the  abdomen  begin  to  move 
in  and  out  in  a  telescopic  fashion,  thus  freeing  themselves  from  the  old  skeleton. 
As  the  animal  pulls  itself  free  from  the  old  carapace  it  raises  itself  from  the  sub- 
stratum by  arching  its  soft  cephalothorax  (Figs.  8,  10).  The  rostral  spines  and 
eyes  appear,  while  the  old  gill  chamber  can  be  seen  ventral  to  the  new  branchio- 
stegites (Figs.  7,  10).  The  antennae  are  then  pulled  free  of  the  old  skeleton 
1  Figs.  8,  10).  Xewly  withdrawn  legs  may  be  observed  between  the  gill  chamber 
and  branchiostegites  of  the  old  skeleton  (Figs.  9,  10).  Three  abdominal  segments 
are  observed  free  of  the  old  (Fig.  9).  A  later  stage  (Fig.  10)  indicates  how  the 
animal  frees  itself  from  the  old  skeleton.  Here  four  abdominal  segments  are  freed 
and  the  legs  are  more  clearly  observed  above  the  old  gill  chamber  between  the  new 
and  old  branchiostegites.  The  animal  raises  itself  much  above  the  old  skeleton 
while  pulling  itself  free.  At  this  stage  the  animal  suddenly  flexes  and  then  ex- 
tends the  abdomen,  freeing  it  completely  from  the  old  skeleton.  The  actual  time 
required  for  the  entire  process  of  ecdvsis  averages  from  3-5  minutes  for  the  70-79 
mm.  animals  depicted.  The  larger  animals,  80-8*'  mm.,  require  from  5-10  minutes. 
Immediately  following  ecdvsis  the  animal  moves  about  vigorously.  Expansion  of 

llattened   appendages   is   accomplished    in    this   manner.      By    such    movements, 

-  into  the  appendages  and  causes  them  to  assume  their  normal  shape. 

ung    molting,    these    animals    were    allowed    to    remain    isolated    from    all 

other-  through  Stage  A  and  P>   (a  period  of  5   <>  days)  at  which  time  they  begin  to 

feed,  their      ;eleton  attains  a  parchment-like  consistency,  and  they  are  capable  of 
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protecting  themselves.  By  7-12  days  (Stage  C)  the  branchiostegites  have  har- 
dened and  complete  hardening  of  the  skeleton  by  deposition  of  minerals  therein 
occurs  within  approximately  four  weeks. 

FACTORS  INFLUENCING  MOLTING 
Temperature 

In  Bermuda  where  average  monthly  water  temperatures  range  from  approxi- 
mately 17°  in  February  to  29°  C.  in  August,  the  range  would  appear  to  be  suffi- 
ciently great  to  stimulate  Patntlinis  art/its  to  molt  seasonally.  Very  little  molting 
occurs  in  the  months  of  December-April,  during  which  time  the  water  tempera- 
tures are  lowest  (Fig.  11  and  Table  II).  It  might  be  added  that  the  temperature 
of  tank  water  is  within  a  few  tenths  of  a  degree  of  that  recorded  at  the  nearby  tide 
station.  A  water  temperature  of  22°  C.  or  slightly  over  in  the  spring  is  sufficient 
to  initiate  molting  (Fig.  11).  As  water  temperatures  approach  23°  C.  the  number 
of  molting  individuals  rises  from  below  10%  to  well  above.  This  rise  begins  in 
May  and  increases  throughout  the  summer  months  with  the  peak  of  molts  occur- 
ring in  June,  July,  August  and  September,  at  which  time  the  highest  water  tem- 
peratures of  28°-30°  C.  are  reached.  The  number  of  molting  individuals,  during 

THE   INFLUENCE  OF  WATER    TEMPERATURE    ON    MOLTING    IN    PANULIRUS    ARGUS    LATREILLE 
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FIGURE  11.  The  influence  of  water  temperature  on  molting  in  Panulints  art/us.  The  total 
number  of  animals  in  the  laboratory  population  in  any  given  month  is  indicated  along  the  top 
ordinate  while  the  respective  months  are  indicated  along  the  bottom  ordinate.  Along  the  Y- 
ordinate  water  temperature  in  °  C.  and  per  cent  of  the  total  number  of  animals  molting  are  in- 
dicated. The  per  cent  of  molting  individuals  is  plotted  with  mean  temperatures  against  time  in 
months. 


444 


DOROTHY  F.  TRA\  IS 


late  fall,  begins  to  as  temperatures  decrease,  and  in  the  month  of  December 

( temperature  rangi  -20°  )    less  than    10%   of  the  total   laboratory  population 

molts.  \Va1i-r  Miperatures  of  17°-18°  C.  virtually  stop  the  process.  The  in- 
fluence of  tin-  '  temperatures  on  molting  has  been  pointed  out  by  Templeman 
,  L936a,  1"  1940),  I  >rach  (1939,  1949),  and  Truitt  (1939).  The  quantity  of 
food  requii  y  the  animals  also  depends  largely  upon  the  temperature.  When  the 
\vater  ten  pi  rature  is  low  the  food  requirement  of  the  animals  is  low.  Their  me- 
taholiM!.  greatly  accelerated  with  a  rise  in  water  temperature.  Other  factors, 
such  as  toperiodism,  lunar  phases,  tides,  and  salinity  of  the  water  which  might 
po»ibl\  influence  molting,  have  not  been  investigated  by  the  author.  Templeman 
I  I'i3(>]>).  however,  in  addition  to  showing  that  at  high  water  temperatures  larval 
1 1 can  lobsters  molted  more  frequently  than  in  colder  waters,  found  that  salini- 
as  low  as  21  parts  per  mille  were  only  slightly  less  favorable  than  the  normal 

TABLE  II 
Intermolt  periods  of  80— 89  nun.  carapace  length  animals  during  a  period  of  one  year 


Month  of  molt 

Number  of  animals  molting 

Intermolt  periods  in  days 

Average  monthly 
Temperature,  °C. 

January 

3 

161±1 

17.9 

February 

0 

No  molts 

17.4 

March 

0 

No  molts 

17.8 

April 

1 

73 

20.7 

May 

10 

67  ±2 

22.8 

June 

17 

68  ±2 

25.9 

July 

13 

60±4 

28.4 

August 

11 

142±8 

29.2 

September 

to 

201  ±6 

28.1 

October 

5 

232  ±5 

26.0 

November 

5 

213±2 

21.0 

December 

0 

No  molts 

18.2 

31  parts  per  mille.  Larvae  reared  in  total  darkness  molted  earlier  than  those 
reared  in  light,  were  larger,  and  had  a  higher  survival  rate  than  those  reared  in 
light.  He  also  found  (I'UO)  that  egg-laying  in  American  lobsters  was  retarded 
by  cold. 

It  will  be  noted  from  Table  IT  that  the  intermolt  or  growth  periods  are  the 
shortest  in  animals  molting  in  the  months  of  May,  June,  and  July.     These  animals, 
after  molting  in  the  respective  months,  are  subjected  to  gradually  rising  tempera- 
tures and  molt  again  within  60-70  days.     Although  tin-  highest  average  monthly 
temperature  occurs  in  August,  animals  molting  in  this  month  will  be  subjected  to 
gradually  falling  temperatures  in  the  following  months.     As  a  consequence,  their 
MieUiboljsm  is  slowed  down,  feeding  becomes  less,  and  their  intermolt  periods  are 
T1n\  is  likewise  true  of  animals  molting  in  September,  October,  No- 
and  January.     The  growing  period  of  the  P>ermuda  lobster  therefore  ap- 
pea  limited  effectively  to  a  period  of  approximately  seven  months  in  the 

(the  months  during  which  the  water  temperatures  are  highest).      Very 
little  |  growth  occur  in  the  population  during  the  months  of  December 
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through  April  (the  months  during  which  the  water  temperatures  are  lowest). 
Sutcliffe  (personal  communication)  has  indicated  that  the  two  foregoing  state- 
ments are  also,  in  general,  applicable  to  the  field  population. 

Although  the  summer  intermolt  periods  (Table  III)  are  shorter  in  smaller 
than  in  larger  animals,  the  actual  number  of  molts  observed  during  a  period  of  one 
year  in  four  of  the  size  groups  maintained  in  the  laboratory  proved  to  be  approxi- 
mately the  same.  Generally  four  molts  per  year  were  observed  in  these  groups. 
This  again  appears  to  be  due  to  the  fact  that  the  intermolt  periods  are  prolonged 
following  the  August  molt.  As  winter  months  approach,  the  smaller  as  well  as 
the  larger  sexually  immature  animals  cease  to  molt  and  grow. 

The  influence  of  size  on  molting 

From  the  foregoing,  water  temperature  does  appear  to  be  largely  responsible  in 
Panulirus  argus,  for:  (1)  The  onset  of  molting;  and  (2)  the  frequency  of  molting 
and  therefore  the  rate  of  growth.  It  is  apparent  that  the  rate  of  growth  varies 
from  one  size  group  to  the  next.  The  smaller  the  individuals,  the  more  frequently 
they  molt  or  the  more  rapid  are  their  growth  rates.  This  was  determined  by 

TABLE  III 
Average  summer  intermolt  periods  of  various  size  lobsters  molting  in  May,  June  and  July 


Number  of 
animals 

Carapace 
length 

Average  summer 
intermolt  period 
=t  Standard  Error 
of  the  Mean 

Theoretical  number  of 
molts  per  year  in  the 
laboratory  based  on 
yearly  intermolt  periods 
and  growing  time 

Actual  number  of 
molts  observed  in 
animals  maintained 
for  one  year 

41 

80-89 

65±1 

3-4 

3-4 

42 

70-79 

56  ±1 

3-4 

3-5 

25 

60-69 

55±2 

3-4 

3-4 

5 

50-59 

51±2 

4-5 

4 

4 

40-49 

41±1 

5 

Not  carried  for  one  year 

11 

30-39 

44  ±3 

5 

Not  carried  for  one  year 

29 

20-29 

40±2 

5 

Not  carried  for  one  year 

noting  the  summer  intermolt  periods  of  each  size  group  maintained  in  the  labora- 
tory (Table  III).  It  is  evident  from  Table  III  that  as  animals  increase  in  size 
their  intermolt  periods  are  longer  or  the  frequency  of  shedding  decreases.  In  small 
animals,  the  rate  of  growth  is  rapid  and  it  decreases  progressively  as  they  approach 
sexual  maturity.  Kinoshita  (1934),  Nakamura  (1940),  Templeman  (1940), 
Challenger  (1943),  Pearson  and  Anderson  (1946),  and  Bradstock  (1950)  have 
also  noted  that  young  lobsters  of  several  species  (Panulirus  japonicus,  Homarus 
americanus,  Panulirus  interrupts,  and  Jasus  lalandi)  molt  more  frequently  than 
old  ones. 

GROWTH  IN  LABORATORY-MAINTAINED  ANIMALS 


Before  discussing  growth  of  laboratory-maintained  spiny  lobsters,  it  should  be 
pointed  out  that  this  information  cannot  represent  exactly  the  growth  of  animals 


446 


DOROTHY  F.  TRAVIS 


under  natural  conditions,  for  laboratory  conditions,  at  best,  do  not  truly  duplicate 
the  field  situation. 

The  following  information  was  obtained  to  serve  as  a  basis  for  future  studies 
concerning  hormonal  factors  which  influence  molting  and  growth  in  the  Bermuda 
spiny  lobster. 

Growth  />y  weight 

Weight  stability  is  reached  several  weeks  following  a  molt.  The  length  of  this 
period  depends  upon  size  of  the  animals  and  the  season  of  the  year.  No  attempt 
was  made  in  these  sexually  immature  animals  to  separate  the  data  on  the  basis  of 
sex.  Growth  in  weight  is  one  of  the  most  important  means  of  studying  many  as- 
pects of  the  molting  cycle,  such  as  determining  the  per  cent  water  in  the  animals, 
the  amount  of  water  absorbed,  and  per  cent  weight  change  throughout  the  molting 
cycle  (discussed  in  a  previous  section  of  this  paper.)  Special  care,  however,  must 
be  taken  in  handling  Crustacea  while  following  individuals  through  their  cycle,  be- 
cause the  antennae  and  periopods  may  be  autotomized.  If  such  happens,  these  ani- 
mals can  no  longer  be  used  for  subsequent  weight  changes.  Autotomy  can  gen- 
erally be  avoided  by  retaining  the  large  concrete  tanks  and  by  carefully  lifting  each 
individual  out  of  the  drained  tanks  for  weighings. 

TABLE  IV 
Per  cent  growth  by  weight  per  molt  during  the  summer  months 


Number  of 
animals 

Carapace 
length  (mm.) 

Mean  per  cent  growth  by 
weight  per  moltistandarcl 
error  of  the  mean 

Calculated  percent  growth 
per  year  based  on  number 
of  molts  per  year 
(Tables  III,  VI) 

Weight  stability  is 
reached  in  the  summer 
days  post  molt 

48 

80-89 

5.8±0.6 

17-23 

28-35 

33 

70-79 

8.4±1.0 

25-34 

28 

22 

60-69 

lO.Oil.l 

30-40 

28 

20 

50-59 

14.9±1.7 

60-75 

21-28 

The  weight  changes  of  the  80-89  mm.  carapace  length  animals  were  observed 
throughout  the  molting  cycle  (Fig.  2A).  These  weight  changes  are  expressed  as 
per  cents  of  the  previous  intermolt  weights.  The  per  cent  growth  by  weight  of 
these  larger  animals,  throughout  the  summer  months,  indicates  that  they  increase 
their  body  weight  on  the  average  approximately  6%  per  molt  in  the  laboratory. 
From  Table  IV  it  will  be  observed  that  the  smaller  the  animals,  the  greater  the  per 
cent  growth  by  weight.  Templeman  (1940)  has  previously  shown  that  the  abso- 
lute increase  in  weight  per  molt  of  the  American  lobster  is  greater  with  an  increase 
in  size.  An  American  lobster  6"  weighing  3.5  oz.  gains  2  oz.  per  molt,  (5.7%), 
while  a  14.5"  lobster  weighing  55  oz.  gains  22  oz.  per  molt,  (4.0%).  Weight 
stability  in  Panulirus  is  reached  earlier  in  smaller  animals  than  in  large  ones.  The 
period  at  which  the  skeleton  is  fully  hardened  and  at  which  time  growth  of  the 
tissues  is  virtually  completed  (Late  Stage  C  of  Drach,  1939)  must  be  utilized  in 
determining  the  per  cent  growth  by  weight.  Earlier  stages  in  the  molting  cycle,  A, 
B,  or  early  C,  will  give  fluctuating  results  simply  because  there  is  a  rather  steady 
increase  in  weight  up  to  Late  Stage  C  (28  days)  in  Panulirus. 
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Growth  by  length 

Growth  in  length  is  determined  by  the  growth  of  the  epidermis,  which  retracts 
from  the  old  skeleton  and  increases  its  cell  number  or  size  or  both  about  ten  to 
fourteen  days  before  shedding  occurs  in  the  summer  months.  It  is  at  this  time  of 
retraction  that  the  epidermis  grows  before  the  new  soft  skeleton  begins  to  be  de- 
posited. Increase  in  length  may  be  noted  within  an  hour  following  ecdysis.  By 
this  time,  the  new  soft  skeleton  has  expanded  to  the  point  at  which  Panulirus 
reaches  a  size  which  it  will  retain  until  the  following  molt. 

The  per  cent  growth  in  length  per  molt  for  the  various  size  classes  is  listed  in 
Table  V — a.  It  might  be  pointed  out  at  this  time  that  Tables  V — a  and  V — b 
represent  two  different  groups  of  animals. 

It  will  be  noted  that  there  is  a  greater  per  cent  growth  by  length  per  molt  in 
smaller  than  in  larger  animals.  This  has  also  been  observed  in  Homarus  ameri- 
canus  by  Templeman  (1936a,  1940),  Mackay  (1926,  1929)  ;  in  Cancer  magistcr 
by  Mackay  and  Weymouth  (1935)  ;  in  Panulirus  japonicus  by  Kinoshita  (1934) 

TABLE  V 


V-a 

Per  cent  Growth  by  Length  per  Molt 

V-b 
Gain  in  Carapace  Length  per  Molt 

Carapace 
length 
(mm.) 

Number 
of 
animals 

Mean  per  cent  growth 
by  length  per  molt 
±Standard  Error 
of  the  Mean 

Calculated  per  cent 
growth  per  year  based 
on  number  of  molts 
per  year 
(Tables  "III,  VI) 

Number 
of 
animals 

Average  (mm.)  gain  in 
carapace  length  per 
moltiStandard  Error 
of  the  Mean 

80-89 

72 

2.5±0.5 

8-10 

106 

2.6±0.2 

70-79 

73 

3.2±0.3 

10-16 

131 

2.8±0.1 

60-69 

53 

4.4±0.4 

13-18 

102 

3.1±0.2 

50-59 

21 

5.8±0.7 

23-29 

45 

3.2±0.2 

40-49 

15 

8.9±0.8 

45 

27 

3.6±0.5 

and  Nakamura  (1940).  This  difference  observed  in  the  laboratory  does  not  ap- 
pear to  be  due  to  significant  differences  in  the  gain  of  carapace  length  per  molt 
from  one  size  group  to  the  next,  but  appears  to  be  due  to  the  fact  that  a  smaller 
animal  increasing  its  carapace  length  the  same  amount  as  a  larger  one  (Table 
V — b)  shows  a  greater  per  cent  growth  by  length.  There  is  a  tendency,  though 
not  a  significant  one,  for  the  smaller  animals  (40-59  mm.  class)  to  increase  their 
carapace  length  more  per  molt  than  the  larger  animals  (Table  V — b). 

A  few  animals  of  the  first  four  size  groups  (50-89  mm.  carapace  length)  wrere 
successfully  maintained  for  one  year  in  the  laboratory  (Table  VI).  The  number 
of  molts,  total  number  of  mm.  gained,  and  the  per  cent  increase  in  length  per  year 
were  determined.  The  results  observed  here  serve  as  a  rather  good  cross-check 
on  information  obtained  in  Table  V — a  and  V — b  from  other  animals. 

Molting  zvithout  groivth 

That  growth  by  length  does  not  necessarily  accompany  molting,  was  evidenced 
in  some  laboratory-maintained  animals.  Molting  without  growth  or  negative 
growth  has  also  been  observed  in  Panulirus  argus  maintained  in  live  cars  or  wire 
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enclosures,  under  what  this  author  considers  as  extremely  poor  conditions,  by 
Marshall  (1945)  and  Dawson  and  Idyll  (1951).  Within  a  period  of  almost  two 
years  and  out  of  a  total  number  of  nearly  500  laboratory  animals  of  various  sizes, 
27  were  observed  to  undergo  no  increase  in  length  following  the  first  laboratory 
molt.  Five  of  the  27  animals  decreased  in  length  by  one  mm.  following  molt. 
Seventeen  of  the  27  lobsters  were  obtained  from  a  small,  overcrowded  lobster 
pound  in  which  food  was  scarce  and  in  which,  as  a  result  of  overcrowding,  most 
of  the  animals  had  autotomized  some  periopods  as  well  as  antennae.  Autotomy, 
as  a  result  of  handling,  was  occasionally  observed  in  animals  brought  in  from  the 
field.  10  of  which  are  included  in  the  27  mentioned  above.  That  loss  of  appendages 
markedly  affects  the  growth  of  the  animal  as  a  whole  was  demonstrated  in  the 
American  lobster  by  Emmel  (1904,  1906).  He  found  that  when  regeneration 
occurs,  the  regenerating  appendages  are  favored  over  increase  in  body  length  at 
the  first  molt  after  injury,  and  that  regeneration  tends  to  lengthen  the  intermolt 
period.  A  previous  history  of  unfavorable  environmental  conditions,  such  as  in- 
sufficient food,  overcrowding  and  autotomy  of  appendages,  did  not  result  in  growth 
at  the  first  molt  in  the  laboratory,  although  subsequent  molts  by  these  animals 
were  accompanied  by  good  growth. 

TABLE  VI 

Crowtli  in  length  of  animals  maintained  for  one  year  in  the  laboratory 


Class 

Number  of  animals 

Number  of  molts 
per  year 

Carapace  length 
gain  (mm.)  per  year 

Mean  per  cent  increase  in 
length  ±Standard  Error 
of  the  Mean 

80-89 

13 

3-4 

9.1 

10.7±1.0 

70-79 

15 

3-5 

9.7 

13.2±0.9 

60-69 

13 

3-4 

12.2 

19.1±1.1 

50-59 

2 

4 

11.0 

21.2±2.0 

SUMMARY 

1.  In  Panulirus  argns,  premolt  animals  may  be  detected  by  the  appearance  of 
a  resorptive  or  ecdysial  line  along  the  branchiostegites. 

2.  One  of  the  most  obvious  external  changes  in  Panulirus  a  few  hours  before 
ecdysis  is  the  swollen  condition  of  the  intersegmental  membranes. 

3.  Five  to  fifteen  minutes  preceding  ecdysis,  animals  of  80-89  mm.  carapace 
length  increase  their  body  weight  by  approximately  10%.     This  weight  increase 
begins  four  to  six  hours  preceding  ecdysis  and  is  entirely  due  to  water  absorption. 
There  is  a  loss  of  weight  following  ecdysis  due  to  loss  of  the  exuviae.     Within  a 
few  hours  following  molt,  the  weight  of  the  individual  begins  to  rise  and  continues 
to  do  so  until  a  maximum  is  reached  at  28-35  days.     The  water  content  begins  to 
HM-  the  day  preceding  molt,  reaches  its  highest  peak    (11 /'o   above  the  intermolt 
value  of  71%)  one  day  following  molt,  slowly  declines  but  does  not  return  to  its 
intermolt  value  before  28-35  days.     At  this  period  the  animal  has  fully  calcified 
its  nev  skeleton,  and  apparently  all  growth  of  soft  tissues  is  completed.     Weight 
stability  is  not  attained  in  80-89  nun.  carapace  length  animals  until   28-35  days 
following  molt. 
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4.  Due  to  resorption  from  the  ecdysial  line  along  the  branchiostegites  and  re- 
sorption  from  an  articulating  condyle  connecting  the  branchial  chamber  to  the 
posterior  edge  of  the  branchiostegites,  progressive  swelling  and  lateral  expansion 
of  the  thorax  is  allowed. 

5.  Turgidity  within  the  new  stomach  causes  considerable  pressure  to  be  ex- 
erted on  the  surrounding  regions  and  results  in  the  progressive  swelling  and  lateral 
expansion  of  the  thorax  preceding  ecdysis.     This  is  due  to  a  gas  which  appears 
between  the  old  stomach  lining  and  the  new. 

6.  Photographs  and  captions  depict  ecdysis  in  Pannlirns. 

7.  The  molting  process  appears  to  be  directly  correlated  with  water  tempera- 
ture.    In  Bermuda  average  monthly  water  temperatures  range  from  17°  in  Feb- 
ruary to  29°   C.  in  August.     Little  molting  occurs  in  the  months  of  December 
through   April,   during   which   time   the   water   temperatures   are    lowest.     Water 
temperatures  of  22°  C.  in  May  are  sufficient  to  initiate  molting.     The  number  of 
molting  individuals  in  the  laboratory  population  increases  throughout  the  summer 
months  with  a  maximum  in  June,  July,  August,  and  September,  at  which  time  the 
highest  water  temperatures  of  28-30°  C.  are  reached.     This  means  that  the  inter- 
molt  periods  are  shortest  during  the  summer  months.     The  number  of  molting  in- 
dividuals during  late  fall  declines,  as  temperatures  decrease.     Water  temperatures 
of  19°  C.  or  below,  however,  are  required  to  stop  the  molting  process  in  the  winter. 
Decrease  in  molting  frequency  in  the  fall  seems  to  be  a  consequence  of  decreased 
metabolism. 

8.  The  growing  period  of  the  Bermuda  lobster  appears  to  be  limited  effectively 
to  approximately  seven  months  in  the  laboratory  (May-November). 

9.  Smaller  individuals  grow  more  rapidly  in  the  summer  months  than  do  larger 
individuals.     Although  the  summer  intermolt  periods  are  shorter  in  smaller  than 
in  larger  animals,  the  actual  number  of  molts  observed  during  a  period  of  one  year 
in  four  of  the  size  groups  maintained  in  the  laboratory-  (50-89  mm.  carapace  length) 
proved  to  be  approximately  the  same.     An  average  of  four  molts  per  year  was  ob- 
served in  these  groups.     As  winter  months  approach,  the  smaller  as  well  as  the 
larger  animals  cease  to  molt  and  grow. 

10.  The  smaller  the  animals,  the  greater  the  per  cent  growth  by  weight.     Larger 
animals,  however,  gain  more  actual  weight  than  smaller  animals  per  molt. 

11.  There  is  a  greater  per  cent  growth  by  length  per  molt  in  smaller  than  in 
larger  animals.     The  difference  observed  between  larger  and  smaller  animals  is 
an  apparent  one  because  a  smaller  animal  increasing  its  carapace  length  the  same 
amount  as  a  larger  one  shows  a  greater  per  cent  growth  by  length. 

12.  Growth  by  length  does  not  necessarily  accompany  molting.     This  was  evi- 
denced in  some  laboratory-maintained  animals.     In  virtually  all  of  these  cases  the 
environmental  conditions  of  the  individuals  were  poor. 
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